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ABSTRACT

Li-ion battery now plays an irreplaceable role in supplying green and convenient
energy. In this work, atomic layer deposition (ALD) was used to modify Li-ion battery
cathode particles for performance enhancement.
An ultrathin and conductive CeO2 ALD film was deposited on Li-rich layered
cathode particles, of which the specific capacity and cyclic stability were significantly
improved. On the same cathode particles, FeOx ALD and post-annealing resulted in a
stable and conductive surface spinel phase to improve the performance.
Synergetic TiN coating and Ti doping were performed on a LiFePO4 (LFP)
cathode and extended its cycle life. The TiN ALD precursor, TiCl4, reacted with the
surface of LFP and formed Ti-doped phase during the ALD process.
The modification using FeOx ALD and post-annealing was also carried out on
spinel LiMn1.5Ni0.5O4 cathode particles. The parasitic reactions due to high working
voltage of this cathode were suppressed by this method, and the intrinsic electronic and
ionic conductivities were significantly improved. Moreover, by controlling postannealing temperature, a porous structure was achieved for the cathode particles, which
can further increase the specific capacity and cyclic stability.
A synergetic bi-elemental modification was performed on Ni-rich
LiNi0.8Mn0.1Co0.1O2 (NMC811) cathode particles using Zr-surface doping, followed by
Al2O3 coating. This rational design derived from individual investigation on Al2O3 and
ZrO2 modified NMC811, which proved better performance of Al2O3 as a coating material
and Zr as a dopant.
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SECTION

1. INTRODUCTION

1.1. LI-ION BATTERY
Nowadays, secondary (rechargeable) battery has emerged as an irreplaceable
energy source that makes life convenient. Before 1800, human still had to acquire electric
power with a fixed plug, until Alessandro Volta first connected his voltaic pile, the first
electrochemical battery that was using copper and zinc metals with separation of paper.1
Tremendous efforts and investment then were put in pursuit of development of batteries.
Gaston Plante first invented a secondary battery in 1859, which was using Pb-acid.2 The
concept of secondary battery is to differ from primary battery that has to be disposed after
use, which definitely brings about positive impact to environment. Pb-acid battery
became a prototype to other secondary batteries though, exhibited unsatisfied efficiency
of usage of electrical energy.3 At that time, researchers were still trying to find a material
that can store higher energy density and much more efficient.
Until 1970s, Stanley Whittingham presented TiS2 with a layered structure that can
store Li+ cations between the TiS2 layers, and after Li+ was removed, TiS2 still retained
its structure stability.4 This process was then called intercalation chemistry and opened
the door for a potential candidate of new-generation secondary battery.5-6 In 1970s,
researchers extensively investigated oxides sulfur substituted with oxygen for a lower
toxicity and pollution.7 John B. Goodenough first used LiCoO2 (LCO) as an intercalation
material in Li-ion battery.8 The structure of CoO2 resembled to TiS2 with a layered
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structure, but a higher potential (4 V of CoO2 and 2.5 V of TiS2 vs. Li/Li+). After
LiCoO2, other intercalation materials were successively reported, which were LiMn2O4
(LMO) with a cubic spinel structure,9 and LiFePO4 (LFP) with an olivine orthorhombic
structure.10 Until now, these three oxygen-based materials were still dominant in Li-ion
battery research and industry.
Even after three decades, Li-ion battery is still young. Progress never stop, but the
chemistry of Li-ion battery is far more than a simple reduction-oxidation formula, and the
more knowledges are uncovered, the more challenges will appear. Starting from the
mechanism of a Li-ion battery cell (a unit cell of battery piles) as shown Figure 1.1, there
are four essential components composing a cell, which are cathode (positive electrode),
anode (negative electrode), electrolyte, and separator. The cathode and anode determine
ability of Li storage and conversion; the electrolyte is media for Li+ transport between
cathode and anode; the separator will prevent direct contact between cathode and anode
in case of short circuit. When the cell is being charged, electrons and Li+ cations transfer
from cathode to anode through the outcircuit and electrolyte, respectively, and oxidation
of cathode and reduction of anode occur, and voltage of the cell elevates. During
discharge, the process goes in a reverse direction to supply power. In Li-ion battery, the
electrochemical reactions during charge/discharge are tightly related to the interface
between electrolyte and electrodes. Also, a series of parasitic reactions will occur during
Li intercalation/de-intercalation or conversion, which lead to capacity degradation of
active materials. In this dissertation, different types of cathode materials were modified
according to their distinguishing interfacial chemistry, structure, and degradation
mechanisms.
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Figure 1.1. Schematic description of charge/discharge of a Li-ion battery cell.

1.2. LI-ION BATTERY INTERCALATION CATHODES
Thanks to introduction of intercalation cathodes, LiCoO2/carbon battery was first
successful commercialized by SONY.5 This stimulated development of Li-ion battery
technology, and except for the aforementioned three types of Li-ion battery cathodes
(LCO, LMO, and LFP), other intercalation materials were recognized with potential for
next-generation cathode, such as layered cathodes with high Ni content which were
derived from LiNiO2,11-12 and high-voltage spinel cathode LiMn1.5Ni0.5O4.2, 5, 13 These 3dmetals (e.g., Ni, Mn, Fe, and Co) have a wide range of valence states and are able to form
stable structure as metal oxide scaffold for Li storage.
These cathodes play a critical role to determine specific capacity, working
voltage, and power density of a Li-ion battery though, their limited electronic and ionic
conductivity will raise an energy barrier for electrochemical reactions which causes loss
of energy. Beside intrinsic conductivity of cathodes, the internal resistance of a Li-ion
battery will also be affected by the inert interface layer formed between cathode and
electrolyte. This inert layer has to be electronically insulating but ironically conductive
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for Li+,14-15 and which is called as solid electrolyte interface (SEI) layer15 on the anode
side and solid permeable interface (SPI)16 or cathode electrolyte interphase (CEI)17 layer
on the cathode side (name of SPI layer will be used in this dissertation). The SEI/SPI
layer has been intensively investigated due to its critical role and complicate chemistry.1520

The function of this layer is to passivate surface of electrodes from electronic leakage

to electrolyte species, which will cause parasitic reactions including oxidation/reduction
of electrolyte.15 Usage of cyclable Li during formation of SEI/SPI layer will cause
irreversible loss of specific capacity, but a stable SEI/SPI layer is essential for a long
lifetime of Li-ion battery.21-22 Except for the SEI/SPI layer, metal dissolution is one of the
most concerned reasons that are implicated to degradation of cell performance.15, 23-24 The
most known soluble transition metal cation is Mn2+, which impacts cycle life of Mnbased cathode. The Mn2+ commonly comes from a disproportional reaction of Mn3+,
Mn3+ → Mn2+ + Mn4+, and the soluble Mn2+ will dissolve in the electrolyte and transport
to anode side, while insoluble Mn4+ will form passivating MnO2 which inhibits Li+
transport on the surface of cathode. Furthermore, Mn2+ will exist as an electrocatalyst that
hastens waste of cyclable Li and loss of capacity.25
The common problems for Li-ion battery cathodes have been mentioned above,
while specific properties of different cathodes will be separately introduced in next
sections.
1.2.1. Cubic Spinel LiMn1.5Ni0.5O4. The cubic spinel LMn1.5Ni0.5O4 (LMNO)
derived from Ni-doped LiMn2O4, when the stoichiometry of substituting Ni reached 0.5,
the plateau changed from ~4 V of Mn4+/Mn3+ to ~4.7 V of Ni4+/Ni2+.2 This cathode is
recognized as high-energy cathode due to its high working voltage (~4.7 V vs. Li+/Li),
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and specific capacity (147 mAh g-1 theoretically). Two kinds of LMNO were discovered,
i.e., ordered P4332 space group and disordered Fd-3m space group.13, 26 The
order/disorder here are related to the sequence of Mn and Ni distribution in the transition
metal oxide scaffold, where Mn and Ni follow a certain sequence in the ordered phase but
randomly reside in the disordered phase. The disordered LMNO was considered as a
good choice for application in Li-ion battery, since the disordered LMNO has a better
conductivity for Li+ transport and structure stability.27-30 The degree of disorder in
LMNO structure stems from oxygen defect. An annealing at ~700 °C will cause oxygen
loss and lead to phase transition, while lattice oxygen can recover during cooling.31-32
Controlling annealing temperature and cooling rate can be used to tailor degree of
disorder and oxygen defect in LMNO.33 Nevertheless, valence caused by oxygen loss has
to be balanced, therefore a small fraction of Mn will become +4, which may increase
possibility of Mn dissolution of LMNO. Furthermore, the high-spin Mn3+ has high
possibility to occur Jahn-Teller distortion, which means distortion of octahedra shown in
Figure 1.2.34-35 The lattice parameter c (at z direction) will elongate and break the
symmetry of cubic to a tetragonal, and finally result in instability of lattice structure and
loss of capacity.
1.2.2. Li-rich Layered Cathodes. The stoichiometric layered cathode (e.g.,
LiCoO2, LiNiO2, and LiMnxNiyCo1-x-yO2) is a hexagonal R-3m structure with transition
metal oxide stacks as shown in Figure 1.3a, and the Li cations are stored between the
stacks. However, in a Li-rich layered cathode, an additional monoclinic C2/m Li2MnO3
phase (Figure 1.3b) is incorporated with the layered structure.36-37 The excess Li is stored
in the Li2MnO3 and can be extracted during the first charge cycle accompanied with loss
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Figure 1.2. Schematic description of a cubic spinel LiMn2O4 or LiMn1.5Ni0.5O4
cathode.

of lattice oxygen, which is called activation; however, not all the Li can be re-intercalated
back to the structure due to loss of lattice oxygen loss.38-39 The incorporation of Li2MnO3
enables extremely high capacity (>250 mAh g-1), since a wide voltage range of Li-rich
layered cathode covers redox couple of transition metal cations (e.g., Mn4+/Mn3+,
Co3.6+/Co3+, Ni3+/Ni2+) and O2-/O-.38-39 The phase formed after activation can be a
defected layered or spinel phase, and one mechanism of capacity degradation is related to
this phase. After Li cations are extracted at high voltage, transition metal cations tend to
transfer to the interlayer and occupy Li sites that causes loss of capacity. The other reason
of structure evolution in Li-rich layered cathode is related to metal dissolution and JahnTeller distortion. As mentioned in Section 1.2.1, the Mn3+ should be implicated,
especially when the working voltage of Li-rich layered cathode reached to <2.5V, when
high concentration of Mn3+ will form in the structure.
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Figure 1.3. Schematic description of (a) R-3m layered structure and (b) C2/m monoclinic
structure in a Li-rich layered cathode.

1.2.3. LiFePO4 with Olivine Orthorhombic Structure. As shown in Figure 1.4,
the octahedral LiO6 and FeO6 groups are stabilized by tetrahedral PO4 in a LiFePO4.10
The strong covalent bonding in PO4 polyanions lowered redox energy of Fe3+/Fe2+ and
rendered stable performance of LFP in the Li-ion battery.10, 40 The high theoretical
capacity (170 mAh g-1) and long cycle life of LFP are attractive as a Li-ion battery
cathode, but its 1-D channel for Li transport limited ionic conductivity, and employing
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polyanion PO4 results in a low intrinsic electronic conductivity of LFP.41 Dissolution of
Fe cations will cause capacity degradation of LFP, and facilitate thickening of SPI/SEI
layer that increase internal resistance.42-43

Figure 1.4. Schematic description of a LiFePO4 cathode.

1.3. MODIFICATION OF LI-ION BATTERY CATHODES
There have been plenty of modification to improve these intercalation cathodes,
such as optimization of synthesis, morphology control, coating, and doping. In this
dissertation, thin film coating and doping are the main methods that were used to modify
and thus focused on.
Coating method is a way to deposit thick shell, nanoparticles, or thin film on the
surface of cathodes for a purpose to improve ionic conductivity, provide media for
electronic transport, scavenge side products, tune surface acidity and improve quality of
SPI layer. The applied coating involves different oxides, e.g., Al2O314, 44-46, TiO214, 44-45,
CeO247-48, ZrO249-51, and ZnO52-53, fluorides, e.g., MgF254, AlF355, and LiF-FeF356, binary
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phosphate or silicate, e.g., AlPO457, Li3PO458-59, Li2SiO360, and electrode coating, e.g.,
Li4Ti5O1261. The preparation methods for these coatings involve liquid-phase
precipitation and sol-gel methods, and vapor-phase deposition such as chemical vapor
deposition and atomic layer deposition methods.62
Different from coating, doping is to introduce alien cations into structure of
cathode. The dopant cations will substitute some original sites in the cathode and play a
role to stabilize the structure, improve charge-transfer, mitigate parasitic reactions, and
change surface acidity. In Figure 1.5, for example, three kinds of sites in a LiMn1.5Ni0.5O4
spinel structure are available for dopant occupation, and proper amounts of dopants in 8a
sites 63-64 and 16b sites13 are preferable to enhance its electrochemical performance, but
occupation in 16c sites will block the channel for Li transport. Plenty of dopants have
been investigated including Cr,13, 65-67 Nb,65 Ti,68-71 Na,72-73 Ga,13 Fe,2, 13, 74-79 Al,80-81
Mg,82 Ni,83 Zr,49, 84 Cu,85 and Zn,85 and doping was usually achieved by adding dopant
precursors during synthesis.

Figure 1.5. Crystal structure of a LiMn2O4 cathode.
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1.4. ATOMIC LAYER DEPOSITION
The first intent of atomic layer deposition (ALD), in 1970s, was that Tuomo
Suntola introduced atomic layer epitaxy (ALE) for electroluminescent flat panel
displays.86 Development of ALD was closely complying with the requirement of thinfilm semiconductors,87-88 but now has been widened to various fields, such as catalysis,8,
89

energy storage and conversion.45, 47-48, 88, 90
Atomic layer deposition (ALD) is widely approved for growing conformal and

pinhole-free film with angstrom-level control of film thickness, especially for
conformality of thin film on high-aspect features. Due to these desirable advantages, it is
competitive in some applications over other deposition techniques such as chemical
vapor deposition and physical vapor deposition,88 and those features primarily stem from
the sequential self-limiting vapor phase reactions. In a purpose for illustration, Al2O3
ALD is a commonly used example as the one of the most intensively investigated ALD
chemistry. Puurunen summarized trimethylaluminum (TMA)/water process in different
aspects including probable surface chemistry and terminology, and influences of
experimental conditions to Al2O3 growth.91 The reaction
Al(CH3)3(g) + H2O → Al2O3 + CH4
is the basis of TMA/water ALD process, which then separated into binary reactions by
control reactants dosing alternatively in the ALD chamber (please note the equation was
not balanced) as following,
Al(CH3)3(g) + HO-substrate → CH3-Al-O-substrate + CH4

(A)

H2O +CH3-Al-O-substrate → HO-Al-O-substrate + CH4

(B)
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where highlighted O-Al-O will be the deposited Al2O3. In Figure 1.6, the schematic of
Al2O3 ALD binary reactions has been shown. In a sequence of reaction A → flush →
reaction B → flush → reactions A …, the growth of Al2O3 film is achieved by
alternatively introducing precursor A or B (reactants). The purging or flushing is aiming
to remove unreacted precursors and side products. This is one of the features that ALD
differs from vapor deposition methods. Removal of unreacted precursors will restrict
spontaneous reactions between TMA and water occurring only on the surface of
substrate. Each AB cycle is called one ALD cycle, and commonly growing ~0.1 nm/cycle
(growth per cycle determined by ALD conditions).91 Through deciding the number of
ALD cycles, the thickness of ALD-coated film can be precisely controlled.

Figure 1.6. Schematic of Al2O3 ALD process.
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1.5. APPLICATIONS OF ALD IN LI-ION BATTERIES
The primary goal of ALD in Li-ion batteries is thin-film coating. As mentioned in
section 1.3, the coating can be an artificial SEI or SPI layer that mitigates loss of cyclable
Li during formation of SEI and SPI layers. The advantages of ALD enable uniform
protection for the active materials with minimized sacrifice of capacity. Plenty of works
have approved reliability of ALD coating for various anodes or cathodes.14, 45, 47-48, 54
Nevertheless, understanding of ALD for Li-ion batteries is still being refreshed. David et
al. stated the role of Al2O3 coating was to prevent transition metal (TM) dissolution and
crossover (dissolution of TM cations from cathode to anode) in batteries made with Nirich LiNi0.8Mn0.1Co0.1O2 and LiNi0.8Co0.15Al0.05O2.92 Hall et al. presented their chemical
insights of Al2O3 ALD coating, which converted PF6 (anion ligand of electrolyte salt
LiPF6) to LiPO2F2, a preferable species that benefited lifetime and stability of Li-ion
batteries.93 Yan et al reported calcinated Li3PO4 ALD coating infused into grain boundary
of a Ni-rich layered cathode to improve Li transport and prevent unwanted electrolyte
infusion.94 Hoskins et al. considered sub-2 nm-thick Al2O3 ALD film is ununiformly
distributed on the TM-O bonds but not Li cations and thereby inhibits TM dissolution
without hindering Li transport.95 Recently, the function of ALD in Li-ion battery was
developed in a phase other than coating. The conformal coating can be an excellent
precursor to achieve cation surface-doping uniformly. Xiao et al. performed postannealing on TiO2 ALD-coated LiMn1.5Ni0.5O4 for manipulation of conformal surface-Tidoping to improve charge-transfer, mitigate phase transition, and benefit stability of SPI
layer on the surface of cathode.2 Patel et al. developed FeOx ALD for a synergetic FeOx
coating and Fe doping to boost performance of LiMn1.5Ni0.5O4.96 Compared with most
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ceramic coatings, the surface-doped phases possessed channels for Li transport and
commonly better electronic conductivity.

1.6. DISSERTATION SUMMARY
In Paper I, various thicknesses of conductive CeO2 ALD thin film coating were
coated on Li-rich layer cathode particles, Li1.2Mn0.54Ni0.13Co0.13O2. During
electrochemical cycling, the phase transition of this cathode resulted in severe Mn
dissolution, especially at elevated temperature. The best performance was achieved with
an optimal thickness of ~3 nm CeO2.The CeO2 ALD coating efficiently suppressed
degradation of the cathode.
In Paper II, Li-rich layered cathode (Li1.13Mn0.54Ni0.13Co0.14O2) particles were
coated with iron oxide (FeOx) films by ALD, followed by a post-annealing. This process
rendered a surface-Fe-doped spinel phase on the cathode. The specific capacity and
lifespan were improved due to suppressed side reactions and decomposition of electrolyte
species.
In Paper III, TiN coating and Ti doping were simultaneously achieved by one-step
TiN ALD on LiFePO4 (LFP) cathode particles using ## as precursors at ## temperature.
The resulting Ti-doped phase was found to contain lithium titanium phosphate, which is
known as NASICON solid electrolyte material. Cyclic stability and conductivity of the
LFP were significantly enhanced by this modification.
In Paper IV, FeOx ALD was applied on high-voltage spinel cathode particles,
LiMn1.5Ni0.5O4 (LMNO). In this work, no obvious FeOx coating was observed, but Fedoping; a post-annealing then was performed and led to a Fe diffusion deeper into the

14
bulk of LMNO. A mechanism of doping by annealing coating was thereby postulated.
The Li+ transport was significantly facilitated, due to Fe doping, and the stable solid
permeable interface layer elongated life span of this cathode.
Paper V is a continual investigation following Paper IV, to employ different
annealing temperatures to achieve Fe-surface-doping and different preferential sites of Fe
cations occupying in LMNO.
Paper VI is related to Al- and Zr-surface doping for improvement of structure
stability of Ni-rich layered cathode particles (LiNi0.8Mn0.1Co0.1O2).
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ABSTRACT

It has been demonstrated that atomic layer deposition (ALD) provides an initially
safeguarding, uniform ultrathin film of controllable thickness for lithium ion battery
electrodes. In this work, CeO2 thin films were deposited to modify the surface of lithium
rich Li1.2Mn0.54Ni0.13Co0.13O2 (LRNMC) particles via ALD. The film thicknesses were
measured by transmission electron microscopy. For electrochemical performance, ~2.5
nm CeO2 film, deposited by 50 ALD cycles (50Ce), was found to be the optimal
thickness. At a 1C rate and 55 ℃, an initial capacity of 199 mAh/g was achieved, which
was 8% higher than that of the uncoated LRNMC particles (UC). Also, 60.2% of the
initial capacity was retained after 400 cycles of charge-discharge, compared with 22%
capacity retention of UC after only 180 cycles of charge-discharge. A robust kinetic of
electrochemical reaction was found on the CeO2 coated samples at 55 ℃ through
electrochemical impedance spectroscopy. The conductivity of 50Ce was observed to be
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around three times higher than that of UC at 60 – 140 ℃. The function of the CeO2 thin
film coating was interpreted as being to increase substrate conductivity and to block the
dissolution of metal ions during the charge-discharge process.

1. INTRODUCTION

Lithium (Li) rich layered cathodes have been attracting great interest due to their
abundant Li storage and high energy density 1-5. Their composition is based on a layered
structure, with layer-layer integration of two components, LiMO2 (M= Mn, Ni, Co, etc.)
and Li2MnO3 3, 6. Compared with conventional cathode oxides, such as LiCoO2,
LiMn2O4, and LiFePO4, the advantages of Li-rich layered cathodes include sufficiently
high initial capacity (>250 mAh/g), high operating voltage (3.5 V vs. Li/Li+ on average,
up to 4.8 V), and low cost with less toxicity 7-9. However, some drawbacks must be
overcome before its commercial utilization, including poor cyclic performance and
voltage decay 7, 10-12, limited rate capability resulting from low conductivity, and the
formation of a solid electrolyte interface (SEI) layer on the cathode surface 2, 13. During
an initial charge to ~4.5 V, an irreversible reaction of Li2MnO3 ➔ Li2O+MnO2 happens,
and Li+ extracted from Li2MnO3 later reinserts into the electrochemically active MnO2
phase to form a rocksalt LiMnO2 structure 1, 10, 14. An unstable LiMnO2 phase, however,
will transfer to a spinel-like phase during repeated charge-discharge cycles 2, 14-19, and
this will exaggerate dissolution of transition metal cations and thicken the SEI layer 15, 2021

, finally leading to further degradation of capacity.
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Surface modification has been demonstrated to protect the cathode surface and
achieve a better cycle lifetime, such as oxides (e.g., Al2O3 4, TiO2 22, MgO 21, Er2O3 23,
SnO2 24), fluorides (e.g., CaF2 15, 25, NH4F 11, AlF3 26-27), and phosphates (e.g., AlPO4 28,
FePO4 29). Chen et al. 24 reported that SnO2-coated Li1.2Mn0.54Ni0.13Co0.13O2 showed
increased cycling stability during 100 cycles of charge-discharge at 600 mA/g at 60 ℃.
Wang et al. 29 used amorphous FePO4 coating to improve the capacity retention of
Li1.2Mn0.54Ni0.13Co0.13O2 from 84.9% of a pristine sample to 95.0% during 100 cycles of
charge-discharge at 100 mA/g at room temperature. Liquid-based methods were used for
film coatings in all previously mentioned reports. Surface-modified Li-rich layered
cathodes showed impressive capacity; however, most of the studies were still within
limited cycles of charge-discharge, or only at room temperature, which are not enough to
prove the protective effect of coating during a long cycle range and in harsh conditions.
At an elevated temperature, the capacity of a Li-rich layered cathode increased 12, 22, but
this was accompanied by worse deterioration of capacity 22, 30. Faced with the abovementioned challenges, an ionically and electronically conductive coating of optimal
thickness should be effective in protecting the surfaces of the cathode particles.
Atomic layer deposition (ALD) has been demonstrated to be a promising
technique for the enhancement of cyclic performance of Li ion batteries 30-34. Different
from conventional coating methods, ALD can provide precise control of film thicknesses,
which is extremely helpful in identifying an optimal thickness. According to our previous
work, a CeO2 ALD coating of optimal thickness successfully solved the trade-off
between capacity and cyclic stability for spinel cathodes 31, 33. Surface modification of
Li(Li0.17Ni0.2Co0.05Mn0.58)O2 by CeO2 nanoparticles was adopted in work by others, but
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the coating was not conformal, and the cyclic number and test at only room temperature
were not sufficient to show significant enhancement of cyclic stability 35. In a previous
work, Al2O3 ALD coated Li1.2Mn0.54Ni0.13Co0.13O2 was demonstrated to deliver a higher
capacity retention, but lower specific capacity; TiO2 ALD coating increased the capacity
of Li1.2Mn0.54Ni0.13Co0.13O2, but without any mitigation of capacity loss 30. Herein,
ultrathin CeO2 films of different thicknesses were deposited on the surface of Li-rich
Li1.2Mn0.54Ni0.13Co0.13O2 (LRNMC) primary particles by ALD. 50 cycles of CeO2 coating
were found to be the optimal thickness for the highest improvement in capacity (~199
mAh/g) and a ~60.2% capacity retention, even after 400 cycles of charge-discharge at a
1C rate at 55 ℃. This film acted as a conductive barrier to prevent metal dissolution and
to lower resistivity of the substrate.

2. RESULTS AND DISCUSSION

2.1. CHARACTERIZATION
The pristine Li1.2Mn0.54Ni0.13Co0.13O2 particles, as shown in Figure 1, were polydispersed spherical and porous particles, with diameters of 1 – 3 μm, which were
confirmed by scanning electron microscopy (SEM) and found to be consistent with the
previously reported work 30, 36. In Figure S1, X-ray diffraction (XRD) patterns of pristine
LRNMC particles also confirmed the consistency with previous work 36.
Various cycles of CeO2 ALD were deposited on the surface of LRNMC particles,
including 30, 50, 70, and 100 cycles (named as 30Ce, 50Ce, 70Ce, and 100Ce,
respectively). The purpose was to acquire CeO2 coatings of different thicknesses, since
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Figure 1. SEM image of pristine LRNMC particles before ALD.

there was a trade-off to solve by controlling the film thickness. Figure 2a shows a
transmission electron microscopy (TEM) image of part of one uncoated (UC) particle,
and the edges defined by equidistant fringes can be observed as the smooth surface of the
layered cathode. In Figure 2b, an amorphous and conformal layer deposited by 50 cycles
of CeO2 ALD appeared on the particle surface, which can be defined by its crystal
structure. The thickness of the film was observed to be ~2.5 nm. In our previous work 31,
with 50 cycles of CeO2 ALD, the film thickness was 2.5 – 3 nm, and with 100 cycles of
CeO2 ALD, the film thickness was ~5 nm. The growth rate of CeO2 ALD film was found
to be constant. In this work, the film thicknesses were consistent with our previous
measurements 31, 33. In addition, surface areas of the UC and 100Ce samples were
measured as 7.2 m2/g and 7.6 m2/g, respectively, which indicated that CeO2 ALD coating
did not affect the surface areas of the LRNMC particles.
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Figure 2. TEM images of (a) UC and (b) 50 cycles CeO2 ALD-coated LRNMC.

2.2. ELECTROCHEMICAL ANALYSIS
During galvanostatic charge and discharge, all coin cells were tested in a wide
voltage range between 2.0 V and 4.8 V. Initial charge-discharge at a 0.05C (1C=250
mA/g) rate at room temperature was performed, as shown in Figure S2. The UC delivered
~275 mAh/g discharge capacity after the activation of Li2MnO3 in the first charge. Slight
increases in discharge capacity of 30Ce, 50Ce, and 70Ce were observed, which were
~280 mAh/g, ~284 mAh/g, and ~279 mAh/g, respectively. This could be attributed to the
improvement in conductivity of LRNMC particles by CeO2 coating. However, the
discharge capacity of 100Ce was ~271 mAh/g, suggesting that the capacity would be
lowered if the coating film was too thick. Coulombic efficiencies exhibited ~83.3%,
~83.8%, ~83.3%, ~83.5%, and ~83.1% for UC, 30Ce, 50Ce, 70Ce, and 100Ce during the
initial charge-discharge. These results did not show obvious differences, indicating that
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the coating material did not affect the activation of Li2MnO3. On the other hand, these
results also ensured their consistency with the results of previous work 30.
In Figure 3, the rate capabilities of UC, 30Ce, 50Ce, 70Ce, and 100Ce were
explored at different C rates (0.1C, 0.2C, 0.5C, 1C, and 2C). At room temperature (Figure
3a), 30Ce, 50Ce, and 70Ce showed an initial discharge capacity of ~250 mAh/g, ~261
mAh/g, and ~257 mAh/g at a 0.1 C rate, respectively, which were higher than ~246
mAh/g of UC and ~242 mAh/g of 100Ce. This improvement should be attributed to the
better conductivity of the CeO2-coated particles. However, a thicker film would intensify
the polarization behavior, as the initial capacity of 100Ce was lower than that of the UC
sample. For 30Ce, there was only an increase of ~4 mAh/g, compared to that of the UC,
due to the inadequate thickness of the ionically conductive CeO2 film. At a 2C rate, 50Ce
delivered a ~130 mAh/g capacity, which was still the highest, compared to only ~111
mAh/g for that of the UC. In Figure S3a, the normalized discharge capacity of Figure 3a
was plotted with respect to the discharge capacity at a 0.1C rate. At a 2C rate, 50Ce had a
capacity that was 50% of the capacity at a 0.1C rate, but only ~45% for UC. After the
current density returned to 0.1C, a good reversible capacity was observed for both
uncoated and coated samples. In Figure 3b, the initial capacities of all samples increased
at 55 ℃, since the conductivity of LRNMC had been enhanced at elevated temperatures,
which agreed with other work 12, 22, 30. At a 0.1C rate, the 50Ce delivered a higher
capacity of ~270 mAh/g than the ~255 mAh/g average for the UC. It is worth pointing
out that the 100Ce showed an increase of ~18 mAh/g over the initial capacity at room
temperature. Even though the coating was thick, 100Ce seemed to benefit more from a
higher temperature than the other coated samples did. Further discussion will be
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continued as a part of impedance analysis. In Figure S3b, the normalized discharge
capacities of coated samples, at a 2C rate, also exhibited improvement over those at room
temperature. The highest increase of ~5.8% was observed for 50Ce, but a ~5% decrease
occurred for UC. As the temperature increased, the decomposition of electrolyte at high
voltage and hydrogen exchange could have been more frequent and aggravated a HF
attack. After coin cells were cycled again, at a 0.1C rate, the reversibility of the initial
capacity of UC was not as good as that at room temperature. On the contrary, the
reversible capacity was ~100% for 50Ce and 70Ce, because the CeO2 coating was not

Figure 3. Galvanostatic discharge capacities of coin cells made of UC and different
cycles of CeO2 ALD-coated LRNMC particles at different C rates (0.1C, 0.2C, 0.5C,
1C, and 2C) in a voltage range of 2.0 – 4.8 V at (a) room temperature and (b) 55 ℃.

only protective and prevented formation of an insulating SEI layer, but it was conductive
and assisted in charge transfer.
In Figure 4a, for a 1C rate at room temperature, the initial capacity of 50Ce
delivered the highest capacity of ~166 mAh/g, which was ~8% higher than the ~153
mAh/g of UC. The initial capacity of 100Ce was ~109 mAh/g, but its stable value raised

23
to ~146 mAh/g, because a CeO2 film of 100 cycles of CeO2 ALD was too thick. The
same phenomena were also observed in other works using Al2O3 ALD coating 37-38. As
the charge-discharge cycle proceeded, the capacity of the UC gradually faded and, after
100 cycles, only ~90 mAh/g were retained. This was ~58.2% of the initial discharge
capacity. The capacity retention rates (with respect to ~146 mAh/g) of coated LRNMC
were ~92%, ~94.6%, ~93.1%, and 95.3% for 30Ce, 50Ce, 70Ce, and 100Ce after 100
cycles of charge-discharge, respectively. A remarkable enhancement of cyclic
performance was also observed at a 2C rate (Figure 4b). The initial capacities showed a
small increases of 50Ce, as compared to that of UC, whereas in terms of capacity
retention (after 100 cycles of charge-discharge), ~64.3% of UC was in marked contrast to
~92.4% for 50Ce and 93.3% of 70Ce. In addition, in this work, capacity retention was
favored by a higher C rate at room temperature, which agreed well with other work 39.
This suggested that transition metal ions remain at higher oxidation states due to less Li+
insertion at higher C rates, thereby alleviating Jahn-Teller distortion 39.

Figure 4. Galvanostatic discharge capacities of coin cells made of UC and different
cycles of CeO2 ALD-coated LRNMC particles at (a) 1C and (b) 2C rate in a voltage
range of 2.0 – 4.8 V at room temperature.
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A comprehensive study of the benefits of CeO2 ALD coating also involved a
cycling test at 55 ℃, as shown in Figure 5. At a 1C rate (Figure 5a), 50Ce delivered ~199
mAh/g capacity in the first cycle, which was ~8% higher than ~184 mAh/g of UC. The
initial capacities of 30Ce, 70Ce, and 100Ce were ~173 mAh/g, ~188 mAh/g, and ~150
mAh/g, respectively. If we consider the increment of capacity at an elevated temperature,
notably, 100Ce showed a larger capacity increment (i.e., ~37.6%) than ~19.8% for 50Ce.
The capacity of 100Ce increased to 160 mAh/g after only two cycles of charge and
discharge, which was shorter at 55 ℃ than that at room temperature. This may imply that
the kinetic of electrochemical reaction that happened on the surface of coated samples
had been favored at a higher temperature. After 100 cycles of charge-discharge, there was
only 42.3% of the initial capacity remaining for UC, suggesting that higher temperature
also exacerbated capacity degradation. Accordingly, temperature should simultaneously
improve the activity of both electrochemical reactions and side reactions at the interface
of the electrode/electrolyte, so that side products (e.g., HF), will intensify their attack on
the surface of the electrode 40. Under the same conditions, 50Ce appeared to scavenge HF
and to significantly improve cyclic stability, with a capacity retention of 94.3% after 100
cycles. Previous study indicated that MgO-coated LRNMC, prepared by the melting
impregnation method, exhibited 94.3% capacity retention after 50 cycles at 200 mA/g at
60℃, but the specific capacity of LRNMC was lowered by MgO due to its insulating
feature 21. Similarly, at a 2C rate (as shown in Figure 5b), the protection of CeO2 coating
contributed to a higher capacity retention. For UC, 30Ce, 50Ce, 70Ce, and 100Ce, after
100 cycles, the capacity retentions were ~36.7%, ~84.8%, ~86.6%, ~85.2%, and ~90.8%,
respectively. Chen et al. modified the surface of LRNMC by SnO2, and the coated sample
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delivered only 62% capacity retention at 600mA/g at 60 ℃ 24. The thicker CeO2 coating
of 100 Ce showed its exceptional safeguard stability, but the initial capacity was only
~116 mAh/g at a 2C rate, compared to ~156 mAh/g for 50Ce, indicating that 100 cycles
of CeO2 ALD were too thick. In other words, 50Ce would be the optimal thickness for
addressing the trade-off between protection and the transport barrier.
To further understand the function of a CeO2 coating, deeper charge-discharge
cycling tests of UC and 50Ce were conducted at a 1C rate at 55 ℃. As shown in Figure
6a, after 180 cycles, UC was found to maintain only ~22% of its initial capacity. In
contrast, with promotion of 50Ce, the reversible capacity was ~60.2% of its initial
capacity, even after 400 cycles of charge-discharge. In our previous reports 31, 33, the
cycling life of LiMn2O4 and LiMn1.5Ni0.5O4 had been significantly extended to 1,000
cycles through ALD coating of CeO2. In view of this, we separated the discharge
capacities in Figure 6a into two parts, “>3.1 V” and “<3.1V”, to correspond to each
working potential of layered (above 3.1 V) and spinel (below 3.1 V) 5, 12, 39, in order to
investigate and determine the capacity degradation of the UC and 50Ce. As shown in
Figure 6b, capacity was dominantly provided by a spinel structure formed during
continuous cycles that were working below ~3.1 V (also see Figure 6d). The capacities
provided by a layered structure kept decreasing, no matter for the UC from ~102 mAh/g
to ~12 mAh/g in 180 cycles, or for 50Ce from ~126 mAh/g to ~32 mAh/g in 400 cycles.
It should be related to the structure transition from the layered to a spinel-like phase in
LRNMC during its repeated charge-discharge cycling 15-16, 19. Accompanied by the
migration of transition metal cation into Li vacant sites 12, 19, 41, the working voltage
inevitably decayed. Nevertheless, substituting a spinel-like structure continued to supply
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a host matrix for Li+ insertion and disinsertion; thus, it was observed that the capacity of
50Ce increased from ~73 mAh/g to ~120 mAh/g for the <3.1 V section. In Figure 6c,
discharge voltage profiles were plotted as power-weighted average voltage versus cycle
number, as presented elsewhere 42. The voltage profiles of 50Ce showed ~0.25 V
decrease after 150 cycles of charge-discharge, and a slower decrease trend was observed
after about 150 cycles of charge-discharge, which also corresponded to the trend of its
capacity increase for the <3.1 V section. After 150 cycles, the power-weighted average
voltage of the UC decreased by ~0.31 V, from ~3.21 V to ~2.90 V, indicating the loss of
both layered and spinel structures. CeO2 film prevented metal dissolution, and the
capacity was largely retained, even at a high temperature. Without suppression by a CeO2
coating, the UC suffered from severe dissolution of host cation and, thus, the capacity of
both >3.1 V and <3.1 V parts significantly dropped.

Figure 5. Galvanostatic discharge capacities of coin cells made of UC and different
cycles of CeO2 ALD-coated LRNMC particles at (a) 1C and (b) 2C rate in a voltage
range of 2.0 – 4.8 V at 55 ℃.
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Figure 6. (a) Discharge capacities of the UC and 50Ce at a 1C rate for 400 cycles at
55 ℃, (b) separated discharge capacities for the UC and 50Ce, (c) power-weighted
average voltage profiles of the UC in 150 charge-discharge cycles and the 50Ce in 400
charge-discharge cycles in the same conditions, and (d) voltage-capacity curves of the
UC and 50Ce from 1st to 100th cycle at a 1C rate in a range of 2.0 – 4.8 V at 55 ℃

To shed light on the impact of CeO2 ALD coating, coin cells tested at a 1C rate
were characterized by electrochemical impedance spectroscopy (EIS) before and after
their cycling tests at room temperature and 55 ℃. All of the EIS data were collected at an
open circuit voltage (OCV) of coin cells when they were fully discharged. The
impedance spectroscopy was carried out by applying AC current with logarithmically
decreasing frequency (from 1 MHz to 1 mHz). In a typical Nyquist plot, the valuable
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information involves ohmic resistance (RΩ), the first intersection between curve and real
axis (Z’ axis), film impedance (Rf/CPEf), the first semicircle, charge transfer impedance
(Rct/CPEct), the second semicircle, and Warburg impedance (Ws), the “tail” 43. CPE
stands for a constant phase element that is typically explained as double-layer
capacitance. Cyclic performance largely depends on the polarization behavior of the
electrodes, which can be represented by the sum of Rf and Rct. Separately, Rf
characterizes resistance of the surface layers, including a deposited coating and a SEI
layer; Rct reflects charge transfer resistance, suggesting the activity of electrochemical
reactions; The Warburg element stands for mass transfer resistance for Li+ from the
particle surface towards its center 43. The model in Figure 7c was applied to fit the
collected data and obtain the quantified results listed in Table 1 and Table 2. Typically, it
really portrays the kinetic insides of the coin cells, but it is still an assumed model
without critical physical meaning. The CeO2 coating aimed to control the thickening of
the SEI layer, while preventing dissolution of cation and increasing conductivity 44.
In Figure 7a, EIS was carried out at room temperature after the initial formation
of the coin cells. Rf of the coated LRNMC was positively correlated as an increase in the
thickness of the coating, while the UC had a higher Rf, indicating that a thicker SEI layer
had formed on the surface of the uncoated LRNMC after its formation. For charge
transfer resistance, Rct of the UC was extraordinarily higher than those of the coated
samples, 1289 Ω compared to 480.2 Ω, 351.3 Ω, 454 Ω, and 795.7 Ω for 30Ce, 50Ce,
70Ce, and 100Ce, respectively. Therefore, 50Ce had shown the highest activity of
electrochemical reaction among all of the samples. In light of Warburg impedance, mass
transfer was also favored by the CeO2 coating. Nevertheless, because 30Ce was not thick
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enough and provided a higher mass transfer resistance, it had a lower initial capacity than
that of the 50Ce during the cycling test. Besides, most samples had an overlap between
Rct and Ws after 100 cycles of charge and discharge, except 50Ce, which showed an
apparent “tail” due to its lowest Rct. After 100 charge-discharge cycles, RΩ and Rf of
30Ce, 50Ce, and 70Ce changed slightly due to protection at the surface, but 100Ce
exhibited a higher increase for RΩ (2.3 Ω) and Rf (20.5 Ω). For the UC, Rf increased by
61 Ω, which could be attributed to thickening of the SEI layer. Polarization behavior was
clearly pictured as the sum of Rf and Rct (Figure 7d), where 50Ce showed the smallest

(c)

CPEf

CPEct

R

Rct

Ws

RΩ

Figure 7. Electrochemical impedance spectra at room temperature for coin cells made
of UC and different cycles of CeO2 ALD-coated LRNMC particles after (a) coin cell
formation (0th cycle) and (b) 100th charge-discharge cycle, (c) equivalent circuit for
fitting a model of the impedance spectra of coin cells, and (d) summation of fitted
parameters, Rf and Rct at 0th cycle (left) and 100th cycle (right). The inset figures are
impedance spectra correspondingly at high frequency region.
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sum due to its lower Rct for 351.3 Ω, and supported its highest initial capacity at a 1C
rate. Lower charge transfer resistance will benefit the formation of an ordered spinel
structure and, thus, enhance the rate capability and capacity retention 11, 15, 45.

Table 1. Impedance parameters for EIS data of coin cells tested at room temperature.
Sample

UC

30Ce

50Ce

70Ce

100Ce

Cycle
No.

RΩ(Ω) Rf(Ω) Rct(Ω) Cf(μF) Pf

Cct(mF) Pct

Ws(Ω s1/2
)

0

14.9

334.0 1289

35.5

0.7

1.5

0.7

47.2

100

20.0

395.2 1779

62.6

0.6

2.1

0.9

50.3

0

16.5

161.8 480

6.0

0.8

1.3

0.8

53.4

100

16.7

164.2 937

7.3

0.8

1.5

0.8

55.6

0

15.8

170.6 351

7.1

0.8

1.4

0.7

40.4

100

16.8

176.1 808

6.4

0.8

1.1

0.8

46.8

0

15.2

187.7 454

11.7

0.8

1.3

0.8

43.2

100

15.5

190.4 903

7.7

0.8

1.5

0.7

47.5

0

17.6

199.4 796

9.4

0.8

1.2

0.8

54.2

100

19.9

219.9 1367

13.3

0.7

1.5

0.8

61.4

In Figure 8a, EIS was carried out at 55 ℃ after formation of coin cells. Compared
to resistances at room temperature, samples showed lower values of Rf, Rct, and Ws. At
the elevated temperature, higher conductivity and more facile mass transfer led to
capacity increase. For the same reason, Rct also decreased considerably for 30Ce, 50Ce,
70Ce, and 100Ce, which were respectively 137.2 Ω, 85.1 Ω, 128.9 Ω, and 167.2 Ω. The
Ws of coated LRNMC at 55 ℃ were all around 30 Ω, which was lower than 50 Ω at room
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temperature. However, the formation of the SEI layer at a higher temperature escalated,
caused by intensified HF attack and cation dissolution 31. Thus, the UC showed ~604 Ω
increase of Rf after 100 cycles of charge-discharge, which differed from the small
changes in the coated samples. On the other hand, Rct of the UC increased ~1084 Ω at 55
℃, and was much higher than those of the coated samples. This also explained the low
capacity retention of UC at 55 ℃. Notwithstanding that side reactions became worse at
higher temperatures, with the CeO2 coating protection, a robust kinetic of electrochemical
reaction should be helpful in the formation of an ordering spinel phase 11, 15, 45. In Figure
8c, the lower sum of Rf and Rct for the coated samples, than that for the UC, indicated

Figure 8. Electrochemical impedance spectra at 55 ℃ for coin cells made of UC and
different cycles of CeO2 ALD-coated LRNMC particles after (a) coin cell formation
(0th cycle) and (b) 100th charge-discharge cycle, and (c) summation of fitted
parameters, Rf and Rct at 0th cycle(left) and 100th cycle(right). The inset figure shows
impedance spectra at high frequency regions.
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that CeO2 coating can make LRNMC take full advantage of the augmented capacity at a
higher temperature by hindering the worse degradation caused by elevated temperatures.
In this case, 50Ce exhibited the lowest resistance of 248.8 Ω and 548.3 Ω, before and
after cycling tests, respectively, indicating again the optimal thickness for enhancement
of the cyclic performance of LRNMC by 50 cycles of CeO2 ALD coating.

Table 2. Impedance parameters for EIS data of coin cells tested at 55 ℃.
Sample

UC

30Ce

50Ce

70Ce

100Ce

Cycle
No.

RΩ(Ω) Rf(Ω) Rct(Ω) Cf(μF) Pf

Cct(mF) Pct

Ws(Ω s1/2
)

0

12.8

99.1

100

12.4

0

640

16.9

0.7

1.6

0.5

12.4

703.4 1724

648

0.5

3.6

0.9

65.3

9.3

196.8 137

8.3

0.8

0.8

0.8

31.5

100

8.9

201.9 428

71.5

0.6

1.4

0.8

35.5

0

12.3

163.7 85

9.2

0.8

0. 9

0.7

27.6

100

12.7

168.2 380

51.8

0.6

1.8

0.8

32.2

0

10.5

174.3 129

11.9

0.8

1.1

0.7

29.1

100

9.6

185.3 439

243

0.5

1.8

0.7

31.7

0

13.3

214.1 167

6.3

0.8

1.0

0.6

27.5

100

18.6

233.6 525

12.7

0.8

1.5

0.6

50.7

Impedance spectra on particles themselves were measured to understand the
function of CeO2 coating and to estimate conductivity. All samples were made into
pellets and characterized by EIS and chronoamperometry (CA). Before the conductivity
measurement, XRD was carried out for the pre- and post-annealed samples to make
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certain that high temperature annealing did not affect the substrate itself (as shown in
Figure S1). The AC impedance spectra (Figure S5) were analyzed using a distinctive
equivalent circuit model from coin cell analysis, as shown in Figure 9b. CPE1 represents
the capacitance of geometric configuration between two electronically-conducting Ag
electrodes. Parallel elements are a series of R & CPE2 for resistance of the pellet and
double-layer capacitance 46. The conductivity was calculated based on measured
resistance R, thickness, and the area of each pellet. In Figure 9a, Arrhenius plots are
based on the following equation:
𝜎 = 𝐴0 exp (−𝐸𝑎 /𝑅𝑇)

(1)

where σ denotes electronic conductivity, A0 is the pre-exponential factor, and Ea means
activation energy. The conductivity was observed to increase as temperature went up,
which was consistent with the cyclic performance of coin cells during cycling tests.
Higher conductivity benefits the kinetic of electrochemical reactions and, thus, coin cells
exhibited a lower charge transfer resistance (Figures 7a, 8a). Also, CeO2 coating of 30Ce,
50Ce, and 70Ce increased the conductivity of LRNMC particles ~3 times, compared to
that of UC. But the resistance of 100Ce was higher than that of the other coated samples.
This behavior can be attributed to the fact that the CeO2 ALD film of 100 cycles was too
thick, and the delayed transport process at the interface increased the charge transfer
resistance. Above 100 ℃, the conductivities of 30Ce, 50Ce, and 70Ce almost coincided,
which was different from findings in our previous works, where CeO2 ALD films were
deposited on spinel 31, 33. However, as the temperature dropped to below 100 ℃, there
was a small deviation among 30Ce, 50Ce, and 70Ce; clearly, 50Ce showed the highest
conductivity below 100 ℃. In light of this trend, we believed that the conductivity of
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50Ce should be higher than those of the other samples at lower temperatures; hence, this
benefits its cyclic performance so that it was better than that of 30Ce and 70Ce.

Figure 9. (a) Arrhenius plots of conductivities of pellets made of UC and different cycles
of CeO2 ALD-coated LRNMC particles versus temperatures, and (b) equivalent circuit
for fitting a model of AC impedance spectra of pellets.

In Figure 10, SEM was carried out on both UC and 50Ce cathodes after 400
cycles of charge-discharge at a 1C rate at 55 ℃. The SEM image of UC in Figure 10a
shows severe exfoliation and breakup of UC particles in the cathode, which should be the
reason for the irreversible loss of its capacity. However, in Figure 10b, 50Ce still mostly
maintained its original spherical shape. These results indicated that a CeO2 coating can
effectively scavenge HF to mitigate side reactions with electrolyte and protect the
structure of cathode particles.
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Figure 10. SEM images of (a) UC and (b) 50Ce cathodes after 400 cycles of chargedischarge at a 1C rate at 55 ℃.

3. CONCLUSIONS

The layered structure of LRNMC acquires a good stabilization and excess Li
supplement through being composited with the Li2MnO3 phase, while it is also affected
by the insulating feature of Li2MnO3. The phase transition and metal dissolution cause
further degradation of capacity. Hence, in this work, we modified the surface of Li-rich
layered cathode Li1.2Mn0.54Ni0.13Co0.13O2 by CeO2 ALD coating, in order to increase the
substrate conductivity and set a barrier for metal dissolution. The optimal CeO2 film
thickness was ~2.5 nm, deposited by 50 cycles of CeO2 ALD. With the optimal thickness
of a CeO2 coating, there was ~8% of initial capacity increase at both room temperature
and 55 ℃; the cyclic stability of LRNMC improved to ~60.2% capacity retention after
400 cycles of charge-discharge at a 1C rate at 55 ℃. Overall, CeO2 ALD coating is an
effective way to promote the electrochemical performance of cathode particles because of
its safeguarding and conductive nature.
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4. EXPERIMENTAL SECTION

4.1. CeO2 ALD COATING
A series of different thicknesses of CeO2 films were coated on the LRNMC
particles by ALD in a fluidized bed reactor (illustrated in detail elsewhere) 47. The
LRNMC particles were prepared using a spray pyrolysis process, previously described in
detail 30, 36. Ce(iPrCp)3 (99.9%, Strem Chemicals) and deionized water were used as
precursors for CeO2 ALD. A typical coating cycle consisted of Ce(iPrCp)3 dose, N2 flush,
H2O dose, and N2 flush. CeO2 ALD was carried out at 250 ℃. Ce(iPrCp)3 was heated in a
feed bubbler at ~140 ℃, and N2 was used as carrier gas for Ce(iPrCp)3. All feed lines
were maintained at the same temperature to avoid condensation of the precursors. The
ALD process was controlled through LABVIEW program. 30, 50, 70, and 100 cycles of
CeO2 ALD were applied to obtain different thicknesses, and named as UC (uncoated),
30Ce (30 cycles of CeO2 ALD), 50Ce, 70Ce, and 100Ce, respectively.

4.2. COIN CELL ASSEMBLY
The cathode slurry was prepared by mixing 80 wt.% LRNMC particles, 10 wt.%
Super P carbon black (Alfa Aesar), and 10 wt.% polyvinylidene fluoride (PVDF) (Sigma
Aldrich) in N-methyle-2-pyrrolidone (NMP) (Sigma Aldrich) solvent. The slurry was
uniformly cast on aluminum foil using a doctor blade (MTI Corp.). The coated foil was
then dried in a vacuum oven at 120 ℃ overnight. After acquiring the dry coated foil, a
working electrode was punched into a round disc with a diameter of ~0.95 cm, loaded
with a mass of ~2.4 mg/cm2 of active materials. Assembly of CR2032 coin cells was
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finished in an Ar-filled glove box. Li metal (99.9% trace metal basis, Sigma Aldrich)
served as a counter electrode, with separator Celgard 2325 between electrodes. The
electrolyte was 1 mol/L LiPF6 solution (Sigma Aldrich) with a mixed solvent of ethylene
carbonate (EC) and dimethyl carbonate (DMC) with a volume ratio of 1:1.

4.3. CHARACTERIZATION
A Quantachrome Autosorb-1 was used to obtain nitrogen adsorption and
desorption isotherms of the UC and 100Ce samples at -196 ºC. The surface area of the
particles was calculated using the Brunauer–Emmett–Teller (BET) method in a relative
pressure range of 0.05 – 0.25. The UC and 50Ce samples were visualized with an FEI
Tecnai F20 field emission gun high resolution transmission electron microscope (TEM).
Film thickness was measured based on TEM images. Morphology of pristine LRNMC
particles was visualized using a Hitachi S-4700 field emission scanning electrode
microscope (FE-SEM). X-ray Diffraction (XRD) was carried out on Phillips Powder
Diffractometer, using CuKα radiation and λ=1.5406 Å, in a scan rate of 2 ̊/min and step
size of 0.2 ̊.

4.4. ELECTROCHEMICAL ANALYSIS
The galvanostatic cycling test was carried out on a battery test station (Neware
Corp.) in a voltage range between 2.0 V and 4.8 V at different temperatures (room
temperature and 55 ℃). The electrochemical impedance spectroscopy (EIS) measurement
was carried out using a Biologic impedance analyzer in a frequency range of 1 mHz – 1
MHz with an excitation signal of 10 mV at different temperatures (room temperature and
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55 ℃). The consistency of open circuit voltage (OCV) of every tested coin cell was
checked to confirm validity of the EIS data. Conductivity measurement was performed
using the same analyzer on active materials at different temperatures (60 ℃, 80 ℃, 100
℃, 110 ℃, 120 ℃, 130 ℃, and 140 ℃). Each sample was first cold pressed into a round
pellet with a diameter of ~1.3 cm and a thickness of ~0.1cm, and then annealed at 800 ℃
for 24 hours to solidify them. Meanwhile, pristine LRNMC particles were characterized
by XRD before and after their annealing operation to make sure that the annealing
process would not affect the original structure of LRNMC particles. After that, both sides
of the pellets were coated with Ag paste (Sigma Aldrich), which acted as a blocking
electrode. Before measurement, the Ag-coated pellets were dried in a vacuum oven at
120 ℃ for 1 hour. The AC conductivity measurement was performed on pellets using EIS
in a frequency range of 1 mHz – 1 MHz with an excitation signal of 50 mV. Then, DC
conductivity measurement was performed on the same pellets using chronoamperometry
(CA) at different voltages of 0.5, 0.75, 1.0, 1.25, and 1.5 V.
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SUPPORTING INFORMATION

Figure S1. XRD patterns of pristine and annealed uncoated LRNMC particles.

Figure S2. Initial charge-discharge voltage-capacity profiles of coin cells made of UC
and LRNMC particles coated with different cycles of CeO2 ALD films at a 0.05C rate at
room temperature.
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Figure S3. Normalized discharge capacity of coin cells made of UC and LRNMC
particles coated with different cycles of CeO2 ALD at (a) room temperature and (b) 55
℃.

Figure S4. Voltage-capacity curves of UC and 50Ce from 1st to 100th charge-discharge
cycle at a 1C rate in a range of 2.0 – 4.8 V at room temperature.

(a)
(b)

Figure S5. Nyquist impedance spectra of UC (ball) and 50Ce (tetrahedron) pellets at
(a) 60 – 100 ℃ and (b) 110 – 140 ℃ with corresponding fitting curves (solid curve).
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Table S1. DC resistances of pellets made of UC and LRNMC particles coated with
different cycles of CeO2 ALD at different temperatures.
Temperature, ℃ UC

30Ce

50Ce

70Ce

100Ce

60

121.3

52.4

49.6

59.3

67.8

80

64.1

27.4

23.7

25.7

39.3

36.8

11.6

10.6

11.0

14.0

26.2

8.1

7.1

7.5

8.9

17.0

5.2

4.7

5.2

6.4

130

6.2

3.8

3.6

3.7

4.1

140

6.2

2.7

2.5

2.6

3.0

100
DC
resistance 110
(105 Ω)
120
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ABSTRACT

Li-rich layered cathode materials have received wide attention due to their
superior Li-storage capability. However, their applications are still limited by capacity
degradation and voltage decay, which is caused by the phase transition and metal
dissolution during repeated cycling. In this work, iron oxide (FeOx) atomic layer
deposition (ALD) was performed on Li-rich layered cathode powders in a fluidized bed
reactor, followed by an annealing process to further improve their electrochemical
performance. After 100 cycles of charge-discharge at 55 °C and 1C, the electrode made
from the powders with 40 cycles of FeOx ALD and annealing showed a 73% retention of
the initial capacity (221 mAh g-1), while the electrode made from the pristine powders
showed only 26% retention of the initial capacity (197 mAh g-1) tested at the same
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conditions. The enhancement of Li+ transport and cyclic stability stemmed from a stable
Fe-doped spinel phase on the surface of cathode particles after ALD coating and
annealing. A detailed post-test analysis demonstrated that the modification limited
impedance growth and suppressed electrolyte degradation and metal dissolution.

1. INTRODUCTION

Li-rich layered cathode materials are designed as a composite of a layered LiMO2
(M= Mn, Ni, Co etc.) with R-3m structure and a monoclinic Li2MnO3 phase for high
energy, good safety, and low cost.[1-3] These cathode materials have an operating
voltage at ~3.8 V, and their large specific capacity (> 220 mAh g-1) derives from both the
layered structure and activation of Li2MnO3 phase. During the first cycle of charging, the
activation of Li2MnO3 occurred at ~4.5 V coupled with the extraction of Li and loss of
partial oxygen from lattice, and finally, the formed phase, LixMnO2, could provide a large
capacity. However, this kind of cathode materials suffer from a series of problems,
including migration of metal cation, layered-to-spinel phase transition,[4-7] and Mn
dissolution,[8, 9] which lead to performance degradation of the batteries.
Many works have proved coating (such as Al2O3,[10] Er2O3,[8] and SnO2[11]) as
an effective method to improve the performance of cathode materials. These coatings act
as a Hydrogen-Fluoride (HF) scavenger to avoid the corrosion of cathode surface and
provide a barrier to suppress metal dissolution. Coating methods include conventional
wet chemistry and vapor-phase technique, such as chemical vapor deposition and atomic
layer deposition (ALD). Among these methods, ALD employs sequential and self-
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limiting reactions to deposit ultrathin and pinhole-free surface coating layers; compared
with other methods, ALD exhibits its advantages of precise thickness control over
others.[12, 13] Further, by annealing the ALD-coated cathodes, the coating cation can
form a doped phase on the surface of cathode particles. It has been reported for Al2O3
ALD-coated LiCoO2 or Li1.2Mn0.54Ni0.13Co0.13O2, the Al diffusion into the layered
cathode occurred after a heat treatment.[14, 15] For a TiO2-ALD coated LiMn1.5Ni0.5O4
(LMNO), the annealing process also induced a Ti incorporation into the surface of
cathode.[16]
In this work, we performed iron oxide (FeOx) ALD on a Li-rich layered cathode,
Li1.13Mn0.54Ni0.13Co0.14O2 (LRNMC, xLi2MnO3•(1-x)LiMO2, M=Mn, Ni, Co), and
conducted post-annealing process with the coated powders. Employment of Fe cation in
coating and doping have been reported to improve the conductivity and stability of the
cathodes;[17-20] in our previous work, FeOx ALD on LMNO has been proved to
significantly improve battery performance.[21, 22] By annealing the 40 cycles of FeOx
ALD coated LRNMC (40Fe, and A40Fe for annealed 40Fe), the capacity retention
increased from ~49% of 40Fe to ~73% of A40Fe after 100 cycles at a 1C rate at 55 °C,
whereas the pristine LRNMC (UC) showed only ~26%. The post-test analysis, including
X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and electrochemical
analysis, provided a clear clue about the mechanism of this improvement. By FeOx ALD
and annealing, the synergic effects benefitted the surface stability of the LRNMC by
suppressing decomposition of electrolyte salt and Mn dissolution, and facilitate the Li+
transport due to the formation of a Fe-doped spinel phase on the surface and an improved
ordering of metal cations in the bulk structure.
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2. EXPERIMENTAL SECTION

2.1. MATERIAL PREPARATION
The Li-rich layered cathode particles were as purchased from NEI Corp. The
FeOx ALD was performed in a fluidized bed reactor described in detail elsewhere. [23]
At 450 °C, ferrocene (Alfa Aesar, 99%) and oxygen were employed as ALD precursors
and dosed into the reactor alternatively. A heated bubbler was used to contain ferrocene
and kept at 115 °C for the evaporation of ferrocene. N2 was applied as a carrier gas
during ferrocene dosing, and as a flush gas following each dose step of ferrocene or
oxygen to remove unreacted precursors and by-products. The feed lines were kept at 120
°C to prevent any condensation. Different cycles of FeOx ALD were applied, including 0,
20, 40, 100, and 150 cycles, named as UC, 20Fe, 40Fe, 100Fe, and 150Fe, respectively.
In addition, UC, 20Fe, 40Fe, 100Fe, and 150Fe were annealed at 700 °C in air for 24
hours and cooled naturally, and named as AUC, A20Fe, A40Fe, A100Fe, and A150Fe,
respectively.

2.2. MATERIAL CHARACTERIZATION
Composition of the Li-rich layered cathode on the particles was analyzed by
inductively coupled plasma atomic emission spectroscopy (ICP-AES). Particle size
distribution was measured by a Microtrac S3500. Scanning electron microscopy (SEM)
was performed to visualize the morphology of particles by using a Hitachi S4700 before
and after annealing.
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Transmission electron microscopy (TEM) was done at a FEI Tecnai F30 TEM
operated at 300 keV equipped with a Quantum Gatan image filter (GIF). The scanning
TEM (STEM)-electron energy loss spectroscopy (EELS) was taken in spot mode. The
energy dispersion was set to 0.25 eV/channel on a 2K GIF camera. The TEM sample was
loaded into TEM column for it to settle down 2 hours prior to the TEM session to make
sure the sample drift is negligible within 10 s of spot EELS acquisition.
The lattice information of the annealed and unannealed particles was collected by
a powder X-ray diffraction (XRD) using a PANanalytic X’Pert Pro multi-purpose
diffractometer with CuKα radiation and a wavelength of 1.5406 Å at a scan speed of 3°
min-1. The chemical states were investigated using X-ray photoelectron spectroscopy
(XPS) via Kratos Axis 165 through an introduction of Al Kα radiation, operated at 150 W
and 15 kV. The collected XPS data were processed by CASA-XPS software, and all the
spectra were calibrated with C 1s to 284.7 eV. Raman spectroscopy was performed using
Aramis 8902, Horiba Jobin Yvon. HeNe laser with a wavelength of 632.8 nm and a
power of 17 mW was used for the measurement, and acquisition time was set to 15 min
and repeated 5 times for an average. Three different spots for each sample were
investigated for consistent results.

2.3. COIN CELL ASSEMBLY
The cathode electrodes were prepared by a mixture of active material, carbon
black (Super P conductive, Alfa Aesar), and poly(vinylidene fluoride) (PVDF, Alfa
Aesar) in a weight ratio of 8:1:1, dissolved in N-methyl-2-pyrrolidone (NMP, Sigma
Aldrich) solvent to form a viscous slurry. The slurry was then cast on an aluminum foil
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with a doctor blade. The wet paste was dried at ~80 °C in air for 10 minutes and at 120
°C in vacuum overnight. Then the dried paste was punched into round discs with an
average mass loading of ~3 mg cm-2. Before assembly of coin cells, each cathode disc
was cold-pressed with 2 metric tons using a hydraulic press model. The CR2032 coin cell
was assembled with a cathode disc, a Celgard-2320 separator, and lithium metal as a
counter electrode. The electrolyte was lithium hexafluorophosphate solution (1 mol L-1,
Sigma-Aldrich) with a solvent consisting of ethylene carbonate (EC) and dimethyl
carbonate (DMC) in a volume ratio of 1:1.

2.4. ELECTROCHEMICAL TESTS
Galvanostatic charge-discharge tests were performed on coin cells between 2.0 V
and 4.8 V at a 1C rate (1C = 250 mA g-1) using a Neware Corporation’s battery analyzer.
The electrochemical impedance spectroscopy (EIS) and conductivity measurements were
carried out using SP-150 Potentiostat, Bio-Logic Science Instruments SAS. Before EIS
testing of coin cells, they were charged to 4.0 V and rested for 3 hours. The EIS data of
coin cells were collected in a frequency range of 10 mHz to 1 MHz with an excitation
signal of 5 mV at room temperature. The collected EIS data were analyzed using an ECLab software. Conductivity measurements were performed on cold-pressed pellets made
of a mixture of active materials and PVDF in a weight ratio of 9:1, where PVDF was
used to help bind the particles without heating. Chronoamperometry was used to measure
the current at 0.5, 0.75, 1.0, 1.25, 1.75, 2.0, and 2.25 V for the calculation of electrical
conductivity. Disassembly of coin cells was performed in Ar-filled glove box. The posttest cathodes were rinsed and flushed twice using DMC and then dried in a vacuum oven.
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3. RESULTS AND DISCUSSION

3.1. MATERIAL CHARACTERIZATIONS
The particle size distributions of UC and A40Fe are shown in Figure S1a. The
particle sizes of A40Fe slightly increased due to partial sintering after annealing with
~85% of particles distributed in a range of 0.2~0.5 μm, while the UC had a bit wider
particle size distribution with ~90% in a range of 0.1~0.5 μm.
The SEM images in Figure S1b and S1c also exhibit the morphology and particle
sizes of these two samples. ICP-AES was performed to confirm the stoichiometry of the
pristine LRNMC cathode particles. The weight ratios of Li, Mn, Ni, and Co element were
9.224, 34.569, 8.783, and 9.842 wt. %, respectively. According to their atomic mass, the
calculated chemical composition of the pristine LRNMC can be estimated as
Li1.13Mn0.54Ni0.13Co0.14O2 with respect to a fixed stoichiometry of oxygen in this
composition. The quantification according to XPS results on the pristine LRNMC
cathode particles has an atomic ratio of 0.529: 0.127: 0.138 for Mn: Ni: Co elements,
which was close to the results estimated according to ICP-AES.
In Figure S1d and S1e, the XPS analysis was performed on core levels of Mn 2p,
Ni 2p, and Co 2p. For the Mn 2p core level, the results showed co-existence of two
valences of Mn3+ and Mn4+, suggesting the Li1.13Mn0.54Ni0.13Co0.14O2 applied in this study
consists of spinel and monoclinic phases.[24] The investigation on Ni and Co showed
consistency with other work.[25] A further discussion will be given by other
characterizations.
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Figure 1. XPS spectra of (a) Fe 2p and (b) Fe 3p core levels of 150Fe and A150Fe.

In Figure 1a and 1b, Fe 2p and Fe 3p core levels of 150Fe and A150Fe particles
are compared. After annealing, A150Fe showed lower intensities of Fe 3p and Fe 2p
peaks than those of 150Fe indicating a decrease of Fe on the particle surface and a
diffusion of Fe into the bulk structure of the particles. In addition, the Fe 2p core level
shows Fe 2p3/2 peak drift to a higher binding energy, due to increase of average valence
of Fe cations. It has been reported that FeOx ALD at this temperature deposited iron
oxide phase consisting of Fe(II) and Fe(III), therefore we used FeOx to denote iron oxide
coating in this study.[26] The annealing process of FeOx should oxidize Fe cations to a
higher valence.

55

Figure 2. (a) High-resolution TEM image of an A150Fe particle, (b, c, and d) fast Fourier
transform patterns from the region B and C denoted in Figure 2a, (e) STEM-high-angle
annular dark-field (HAADF) image of A150Fe LRNMC particles, (f) EELS spectra of
five STEM spots acquired from the coating and towards the interior of the particle (e.g.,
15 nm means that the EELS was taken 15 nm under the surface).

Structural change after annealing was explored locally by TEM as shown in
Figure 2. The fast Fourier transform (FFT) pattern (in Figures 2b, 2c, and 2d) generated
from Figure 2a suggests that the surface spinel coating is formed and completely
epitaxially grown on the inner LRNMC lattice with the epitaxial growth relationships as
following: [110]R  [110]spinel, (003)R // (1̅11)𝑠 , (11̅1̅)𝑅  (22̅2)𝑠 , where R and S denote
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R-3m layered and cubic spinel structures, respectively. The FFT patterns denoted in
Figures 2b and 2c can be well indexed based on an R-3m structure (Inorganic Crystal
Structure Database-97788) and a spinel structure (Inorganic Crystal Structure Database70023), respectively. It is also worth noting that in Figure 2d, the diffraction spots of the
(003) and (11̅1̅) planes of layered structure are completely overlapped with the (1̅11)
and (22̅2) of the spinel phase, indicating the growth of the surface coating on the inner
LRNMC lattice is almost free from lattice strain. The electron beam was positioned
precisely on the coating by checking the convergent beam diffraction patterns seen on the
viewscreen, since the spinel and layered phase have very distinct diffraction patterns.
In Figure 2e, STEM-HAADF image of A150Fe exhibits a bright edge on the
surface of the particle, which belongs to the surface cubic coating. In Figure 2f, Fe-L
edge, which is absent on the EELS taken in the interior, is clearly seen on the coating,
meanwhile with existence of Mn, Ni, and Co-L edges, suggesting Fe was completely
incorporated in the surface spinel lattice of LRNMC. In addition, the inset shows that
Mn-L edges displayed a clear 4 eV chemical shift toward low energy side and the ratio of
L2/L3 peak intensity was decreasing from the interior towards the surface, suggesting the
valence of the Mn was reduced due to incorporation of Fe cations.[27, 28] Moreover, OK edge did not show its pre-peak (denoted by red arrow) on the coating (7 nm deep),
indicating a reduction of transition metal cations, which is consistent with Feincorporation in the Li site and valence drop of Mn cations.[29] The recovery of O-K
edge pre-peak in the interior region indicates that the Fe-incorporation occurred only on
the surface.
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(a)

(b)

Figure 3. (a) XRD patterns of UC, 150Fe, and A150Fe, and (b) Raman spectra of UC,
150Fe and A150Fe. The reference peaks in Figure 3a are shown below XRD patterns
including from top to bottom Rhombohedral R-3m layered structure (ICDD #01-0871563), cubic spinel LiNi0.5Mn1.5O4 cubic Fd-3m spinel (ICDD #00-080-2162), and Fe3O4
cubic Fd-3m spinel (ICDD #01-075-0449). The monoclinic Li2MnO3 phase featured by
peaks between 20° and 25° in Figure 3a are denoted by “*”. The peaks at (220) and
(018)R/(110)R are related to spinel and layered structure, respectively.

In Figure 3a, XRD patterns of UC, 150Fe, and A150Fe are shown to investigate
the crystal structure information. Typical XRD patterns of Li-rich layered cathode can be
observed for each sample with an R-3m symmetry and a monoclinic phase featured at
20°-25°. Distinctive Fe3O4 peaks can be observed for 150Fe, which was also shown in
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Figure S2; while for the annealed A150Fe, the peaks shifted to higher degrees. A LMNO
cubic spinel phase can be used as a reference for the shifted peaks of A150Fe, i.e., the
(220)S peak in A150Fe, indicating a small amount of transition metals occupied 8a site
(Li site) of the spinel phase.[30] Massarotti et al. reported migration of a small fraction of
transition metals to 8a site of spinel phase at >600 °C in air.[31] In Figure S3, XRD
patterns of AUC showed the same behavior. It’s worth noting that Fe incorporated into
the Li site (i.e., 8a site) due to inter-diffusion between FeOx coating and LRNMC particle
surface forming the spinel phase on the surface of A150Fe.
In addition to Fe doping, another annealing effect can be interpreted from the split
of (020)m and (110)m (denoted by “*”), and more intensive (018)/(110) doublets (at
~65°), which became more distinctive for A150Fe than UC and 150Fe, indicating
increased ordering of transition metal slabs, or a better establishment of layered
structure.[32-34] This improvement can also be seen in Raman spectra as shown in
Figure 3b, where UC, 150Fe, and A150Fe were measured to investigate local structure
and cation ordering due to a better sensitivity of Raman spectra to Mn-O in different
phases.[35] The band at ~645 cm-1 could be attributed to Mn-O stretching vibration in
cubic spinel phase, even though this phase cannot be observed in XRD patterns of UC
possibly because of an overlapping or low intensity.[36, 37] At ~499 cm-1 and ~609 cm-1,
bands were related to the M-O bonds with a feature of R-3m symmetry, and at ~567 cm-1,
the band was attributed to Mn-O bond in a monoclinic symmetry of Li2MnO3. The
increase of intensity of A150Fe suggested a higher cation ordering after annealing, which
should be due to increased crystalline sizes.
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3.2. ELECTROCHEMICAL PERFORMANCE
Figure 4 shows the different behaviors in the 1st and 2nd electrochemical cycles of
charge/discharge for the annealed and unannealed particles, including UC, 40Fe and
A40Fe. During the 1st charging cycle, a plateau was observed at ~4.5 V for each sample
which was related to the activation of Li2MnO3 phase along with partially loss of Li and
lattice oxygen. After the 1st charge-discharge cycle, A40Fe showed 80.3% coulombic
efficiency (CE) compared to lower CEs of 76.3% for UC and 79.3% for 40Fe, indicating
the modification can help suppress Li and lattice O loss during activation.[38] In Figure
4b, a peak at ~2.8 V, corresponding to Li+ from spinel phase, appeared in the 1st chargedischarge cycle of UC and 40Fe. After FeOx coating followed by annealing, the peak at
~2.8 V weakened due to the structure change at high annealing temperature. The partial
replacement of Li by transition metal should account for the peak change, and a small
fraction of M3O4-type spinel formed on the surface of cathode particles, as observed in
the TEM image in Figure 2a. While during FeOx coating at 450 °C, the same phenomena
may also occur yet weaker than annealing. Between 3.3 V and 4 V, redox reactions were
mainly attributed to Mn4+/Mn3+, Ni4+/Ni2+, and Co3.6+/Co3+redox couples in the layered
structure.[39] From the differential capacity plots (Figure 4b and 4d), it can be found that
the differential curves at 3.3 V~4.0 V were higher for 40Fe and A40Fe than that of UC.
In Table 1, the discharge capacities of UC, 40Fe, and A40Fe were separated according to
voltage ranges, and these results indicated an improved capacity provided by the layered
structure, especially for the A40Fe (see 3.3~4.0 V in Table 1). In Figure S4, the loss of
capacity for AUC corresponded to both layered and spinel phase, which should be
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attributed to migration of transition metal cations (redox species, i.e., Mn, Ni, and Co)
and formation of the M3O4-type spinel phase.

Figure 4. (a,c) Voltage profiles and (b,d) dQ/dV plots of UC, 40Fe, and A40Fe and at a
0.1C rate and room temperature between 2.0 V and 4.8 V during (a,b) the 1st and (c,d) the
2nd cycle of charge-discharge.

Table 1. Discharge capacities separated according to different voltage ranges during the
1st and 2nd cycles of charge-discharge. In each box, the values correspond to the 1st cycle
and then 2nd cycle, and the unit is mAh g-1.
Voltage Ranges
Samples

UC
40Fe
A40Fe

4.0~4.8 V

3.3~4.0 V

2.0~3.3 V

44.3, 46

117, 107.2

65.9, 77.1

43.9, 44.9 129.5, 124.5

53, 65.1

44.8, 44.6

50, 51.3

135, 133
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To further understand the charge-discharge behavior in the 1st electrochemical
cycle, a galvanostatic intermittent titration technique (GITT) [40] was performed on UC,
40Fe, and A40Fe, and Li+ diffusion coefficients were calculated versus open circuit
voltage based on the results in Figure S5. As shown in Figure 5a, before the voltage
arrived 4.4 V during the charge process, A40Fe showed a better Li+ transport for Li+
extraction; when the activation of Li2MnO3 phase started, all of the diffusion coefficients
dropped due to a sluggish transport of Li+ in the monoclinic phase. In Figure 5b, the
diffusion coefficients during discharge process were higher for 40Fe and A40Fe than that
of UC above ~3.4 V, which would benefit the main redox reactions of the active material.
However, below ~3.4 V the coefficient of A40Fe went down, which could recall the
lowered capacity of A40Fe below 3.3 V in Figure 4. The decrease of coefficient below
3.3 V should be related to the aforementioned cubic spinel phase in XRD, and occupation
of transition metal cations in Li+ site limited the re-insertion of Li+ into Li+ site.
Nevertheless, this spinel phase was only <7 nm thick on the surface and its inert feature
could contribute to an improvement on the stability of active material during cycling.
Similarly, Xiao et al. reported that replacement of Li+ with Ti4+ on the surface of LMNO
enabled a higher capacity and a longer cycle life.[27]

Figure 5. Li+ diffusion coefficients of UC, 40Fe, and A40Fe during the 1st (a) charge
and (b) discharge cycle.
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Galvanostatic charge-discharge tests were performed on the uncoated and asprepared FeOx-ALD coated LRNMC at different C rates at room temperature, and at 1C
rate at room temperature and 55 °C. As shown in Figure 6a, as the C rate increased, the
40Fe showed a higher discharge capacity than that of the other samples, indicating the
optimized cycle number of FeOx ALD was deposited by 40 cycles. In Figure 6b, at a 1C
rate, 40Fe retained ~78% and ~49% after 100 cycles of charge-discharge at room
temperature and 55 °C, respectively, much higher than ~69% and 26% of UC. However,
as the FeOx coating was grown too thick, 100Fe delivered a lower capacity due to the
thick coating slowed Li+ diffusion. At 55 °C, the degradation was found to be more
severe for each sample, which should account for aggravated side reactions, as shown in
Figure 6c. The coulombic efficiencies of the 1C-test were shown in in Figures S7a and

Figure 6. Cyclic performance of UC, 20Fe, 40Fe, and 100Fe at (a) different C rates
(0.1C, 0.2C, 0.5C, 1C, 2C, and 5C), and a 1C rate at (b) room temperature and (c) 55
°C, and (d) conductivity measurements of UC, 20Fe, 40Fe, and 100Fe.
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S7b. Similarly, it was reported that a hydrogen exchange of the Li rich layered cathode
with electrolyte could be more pronounced at 55 °C than that at room temperature,[1, 41]
which could contribute to a higher capacity but sacrifice the cyclic stability. Besides, the
conductivity of the cathode increased as the temperature was elevated, which favored
both a higher capacity and worse side reactions.
The improvement of electrical conductivity of FeOx-coated LRNMC was
investigated on the cold-pressed pellets using a mixture of active materials (with FeOx
ALD coating, but without annealing) and PVDF (mass ratio=9:1) as binder. The results
were plotted by conductivity vs. reciprocal temperature following Arrhenius equation:
−𝐸𝑎

σ = 𝐴0 𝑒 𝑅𝑇

where σ represents conductivity, A0 is a factor, Ea is the activation energy, R is the gas
constant, and T is temperature.
As shown in Figure 6d, the conductivity of uncoated and modified LRNMC
increased with the increase in the number of FeOx ALD, and 40Fe exhibited an order of
~0.5 on improvement of the conductivity over that of UC. However, with a higher
number of ALD coating cycles, the Fe cations could be oxidized to Fe(III), which became
less conductive, [42] and thus resulted in a lower conductivity of 100Fe than that of 40Fe.
The lower conductivity of 100Fe could be another reason for its lower capacity. Besides,
the increase of conductivity along with elevated temperature also contributed to the
higher specific capacity of each sample at 55 °C than those at room temperature. The
conductivity discussed here was measured as a electronic conductivity, which determines
electron transfer in the cathode particles.
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Figure 7 shows the galvanostatic charge-discharge results of annealed samples at
room temperature and 55 °C. The cycling tests at different C rates in Figure 7a exhibits
an improvement rate capability due to the annealing process with FeOx coating. In
addition, in Figure S6, AUC showed a lower capacity than that of UC due to migration of
redox species to Li site led to formation of an inert spinel phase, which could be
evidenced by the change of discharge curve below 3.1 V in Figure S4a and S4c. During
the charge-discharge at a 1C rate, A40Fe delivered 158 mAh g-1 initial capacity with a
capacity retention of ~85% after 100 cycles of charge-discharge at room temperature and
221 mAh g-1 with ~73% at 55 °C. The UC sample delivered a comparable capacity with
that of A40Fe, but a less capacity retention, especially at 55 °C, UC only retained 26% of
the initial capacity after 100 cycles of charge-discharge. As mentioned above, the

Figure 7. Cyclic performance of UC, A20Fe, A40Fe, and A100Fe (a) at different C
rates (0.1C, 0.2C, 0.5C, 1C, 2C, and 5C), and at a 1C rate (b) at room temperature and
(c) 55 °C, and (d) voltage decay of UC, A20Fe, A40Fe, and A100Fe at a 1C rate and
room temperature.
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increased cation ordering after annealing would benefit the cyclic stability, and Fe
incorporation lowered the impedance of cathode. As shown Figures S7c and S7d, the
coulombic efficiencies at the 1C rate also indicated improved stability of A40Fe. As
shown in Figure 7d, the average working voltage was calculated using discharge energy
divided by discharge capacity.[43] The voltage decay of Li-rich layered cathode was
caused by phase transition. The A40Fe sample exhibited an average rate of voltage drop
of 3.6 mV per cycle, whereas the average rate drop of UC was 13.0 mV per cycle. For
A20Fe, insufficient Fe had less effect on suppressing voltage decay, but over-amount of
Fe for the A100Fe sample would increase the resistance for the Li+ transport, as the Fe
cation occupied in Li site and over doping would hinder the Li+ diffusion.
In order to unveil the impacts of annealing with coating, cyclic tests of UC, 40Fe,
and A40Fe were performed at a C/3 rate and room temperature as shown in Figure 8. In
the 1st cycle, UC exhibited different peaks corresponding to oxygen evolution at ~4.5 V,
Ni4+/Ni2+, Co3.6+/Co3+, Mn4+/Mn3+ (layered structure) redox at 3.0 V~4.0 V, and
Mn4+/Mn3+ (octahedral site in spinel structure) at ~2.7 V. Decay of former two occurred
rapidly, while the peak of Mn4+/Mn3+ at the lowest potential gradually increased, which
was related to the formation of spinel phase due to the migration of transition metal, i.e.
Ni. In the 40th ~100th cycles, the peak of spinel phase decayed due to Mn dissolution and
Jahn-Teller distortion. In the case of 40Fe, the formation of spinel phase occurred in the
same manner, except a suppressed dissolution after the two-peak separation
corresponding to the layered phase at ~4.0 V and spinel phase at ~2.7 V. Compared with
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Figure 8. Voltage profiles (right) and dQ/dV plots (left) of (a) UC, (b) 40Fe, and (c)
A40Fe at a C/3 rate during their discharge at 1st, 5th, 10th, 20th, 30th, 40th, 50th, 60th,
70th, 80th, 90th, and 100th cycle at room temperature.
40Fe, the annealed A40Fe exhibited a better stability, which accounts for a better
ordering in the structure. The formation of spinel phase still occurred, but after 100 cycles

67
of charge-discharge, the A40Fe still delivered 89% of its initial capacity. A well retained
discharge curves above 3.5 V could be observed for A40Fe, indicating that the layered
structure remained well to provide a higher capacity than that of UC and 40Fe.[44]
Moreover, the slowly decrease of capacity under 3.5 V was attributed to suppressed Mn
dissolution due to the well-retained spinel phase. This would also explain the slow
voltage decay of A40Fe (Figure 7d) and a suppression of this modification on
degradation caused by phase transition. The unchanged starting voltage in the voltage
profiles also suggests a facile Li+ diffusion remained for A40Fe. A comparison between
A40Fe and AUC (Figure S8) also illustrated annealing with FeOx coating could provide a
higher activity of spinel phase during cycling.
EIS was measured before and after the charge-discharge test at the C/3 rate, as
shown in Figure 9. The coin cells were charged to 4.0 V and rested for about 4 hours
before measurement. Impedance spectra were fitted using an equivalent circuit (inset
figure) where Rohm, Rf, and Rct stands for ohmic resistance, film resistance, and charge
transfer resistance, and Ws for the Warburg element for mass transfer resistance. The EIS
fitting results are listed in Table S1. Due to the existence of FeOx coating, 40Fe and
A40Fe showed a lower Rf than that of UC, while Rct and Ws of A40Fe were lower than
that of UC and 40Fe. After 100 cycles of charge-discharge, a slight increase of Rohm
should be attributed to the decomposition of electrolyte species; a significant increase of
Rf and Rct of UC indicated formation of a thick solid permeable interface (SPI) layer and
degradation of bulk structure. Compared with 40Fe, A40Fe showed less impedance
increase, indicating a better stability due to the annealing process.
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Figure 9. EIS measurements of UC, 40Fe, and A40Fe at the 1st and 100th cycle at a C/3
rate at room temperature. Inset figure shows equivalent circuit that was used for fitting.

3.3. XPS AND XRD ANALYSIS OF POST-TEST CATHODES
The XPS analysis of post-test cathodes was performed to understand the
degradation of cell capacity. Figure 10 shows several core levels of UC, 40Fe, and
A40Fe, including C1s, O1s, F1s, P2p, and a wide range at low binding energy (40 eV to
90 eV including Mn3p, Li1s, Fe3p, Co3p, Ni3p, and Mn3s). These results disclosed
information including formation of solid permeable interface (SPI) layer, evolution of
electrolyte components, and dissolution of Mn. Deconvolution of each core level is listed
in Table S2. In C1s core level, C-O bond and carbonates (at 286.5 and 288.9 eV,
respectively) indicates an evolution of electrolyte components (EC and DMC) occurred,
due to the fact that the wide voltage range of LRNMC exceeded the voltage window of
solvent species and decomposition occurred. The products of decomposition participated
the formation of SPI layer on the surface of cathode. The decomposition was also
reflected on O1s core levels, i.e. ~531.5 eV for carbonates and ~533.3 eV for phosphates
and poly(oxyethylene) groups. It’s worth noting that the broad peak at ~533.3 eV
corresponded to P-O bond, which derived from side reactions of salt in electrolyte.[45]
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The F1s and P2p core levels also show components of LiPF6 salt decomposition at
~687.5 eV of F1s and at ~134 eV of P 2p for the P-O bond. Comparing the areas of these
decomposition-related peaks, it can be interpreted that A40Fe exhibited a suppressed
decomposition of salt in electrolyte due to weaker peaks in O1s, F1s, and P2p core levels,
whereas the FeOx coating in 40Fe should play a role only as a buffer layer to avoid direct
side reactions between the active transition metal and electrolyte.

Figure 10. XPS spectra of C1s, O1s, F1s, P2p, Mn3p, Li1s, Co3p, Ni3p, and Mn3s core
levels of UC, 40Fe, and A40Fe cathodes after 100 cycles of charge-discharge at a C/3
rate at room temperature.

In the wide range of 40 eV-90 eV, the average valence of Mn was estimated for
each sample to evaluate the extent of Mn dissolution. Two approaches can be performed
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including deconvolution of Mn3p core level and comparing the splitting magnitude of
Mn3s doublets.[46, 47] In the first approach, Mn3p core levels were deconvoluted into
Mn3+ peak at ~48.7 eV and Mn4+ peak at ~50 eV. A40Fe showed the least Mn3+ amount
and UC showed the highest amount. By comparing the splitting of doublets of Mn3s, as
stated in the second approach, the difference was found to be 5.3 eV for UC, 5.0 eV for
40Fe, and 4.8 eV for A40Fe, corresponding to the analysis of Mn3p core levels that
average valence of Mn increased with the decreasing value of difference.[46] Therefore,
we could also conclude that Mn dissolution was weaker for A40Fe than those for UC and
40Fe.

Figure 11. XRD patterns of (a, b) UC, (c, d) 40Fe, and (e, f) A40Fe with their (a, c, e)
fresh cathodes and (b, d, f) cycled cathodes after 100 cycles at a C/3 rate after 100 cycles
of charge-discharge. A corresponding reference pattern was shown below the measured
patterns.
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The structure changes were also investigated by performing XRD on the fresh and
post-test cathode discs of UC, 40Fe, and A40Fe, as shown in Figure 11. Each post-test
cathode shows a peak shift to a lower degree due to the phase transition during
cycling.[44] A40Fe shows well-retained crystallinity with higher intensity and lower full
width at half maximum, especially the (018)/(110) peaks at ~65°, due to a good retention
of layered structure.

4. CONCLUSIONS

We coated various thicknesses of FeOx films on LRNMC particles by ALD
followed by annealing at 700 °C in air for 24 hours to improve and stabilize cyclic
performance of LRNMC. A stable Fe-doped spinel phase on the surface of particles was
induced during the high temperature annealing process. The as-prepared FeOx ALD
coated LRNMC didn’t show a satisfied improvement of stability, however, after ALD
coating followed by annealing, the Li+ diffusion coefficient during main redox reactions
of LRNMC inreased by ~3 times. The modification effectively addressed the degradation
of LRNMC by suppressing the phase transtion, formation of SPI layer, and Mn
dissolution. Even though numerous works have reported an improvement of Li-rich
layered cathode by incorprating cubic spinel phase, the Mn dissolution may be
exaggerated due to the fact that the wide voltage range of Li-rich layered cathode (i.e.,
2.0 V~4.8 V) covered the voltage where Li+ inserts into the octahedral site of the cubic
spinel phase (at ~2.8 V), and this will cause transition of cubic spinel to tetragonal spinel
and lead to Jahn–Teller distortion and degradation of capacity. Partially substituion of Li+
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by alien cations, such as Fe cation in this work, can be an approach to suppress the above
situation. In addition, this work proved combination of ALD coating and post-annealing
could be a potential way to improve the electrochemical performance of Li ion battery
cathodes.
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Figure S1. (a) Particle size distributions of UC and A40Fe, and SEM images of (b) 150Fe
and (c) A150Fe; (d) XPS core levels of Li 1s, Mn 3p, Co 3p, and Ni 3p; (e) XPS core
levels of Mn 2p, Co 2p, and Ni 2p.
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In Figure S1b and S1c, the morphologies of 150Fe and A150Fe were visualized
by SEM. It was found that the FeOx ALD did not affect the particle size distributions of
the cathode particles. However, after annealing, the particle size was found to be very
uniform, especially for the particles below 0.5 μm. In Figure S1d and S1e, the Mn were
found to be a mixture of Mn3+ and Mn4+, and Ni to be Ni2+ and Ni3+, which were
consistent with other work. [1, 2]

Figure S2. TEM image of 150Fe particle surface. The red circle notes FeOx coating on
the surface.

The as-deposited FeOx thin film was close to a Fe3O4 spinel phase, which could
be indexed by lattice d-spacing of (111) plane. In the bulk, the lattice d-spacing of (003)
is related to the R-3m layered structure of LRNMC.
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Figure S3. XRD patterns of UC and AUC. The reference positions correspond to R-3m
layered structure (up) and cubic spinel phase (down).

Figure S4. Voltage profiles (a,c) and dQ/dV plots (b,d) of UC(blue) and AUC (orange) at
a 0.1 C rate and room temperature between 2.0 V and 4.8 V during the 1st (a,b) and 2nd
(c,d) cycle of charge-discharge.
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Figure S5. Galvanostatic intermittent titration technique (GITT) of (a) UC, (b) 40Fe, and
(c) A40Fe to derive Li+ diffusion coefficient.

In Figure S5, the GITT were performed for UC, 40Fe, and A40Fe to estimate Li+
diffusion coefficient. The calculation was based on Fick’s second law of diffusion, and a
derived equation has been shown as following, [3]
2

𝐷𝐿𝑖 +

4 𝑚𝐵 𝑉𝑀 2
∆𝐸𝑠
𝐿2
) (
= (
) (𝜏 ≪
)
𝜋 𝑀𝐵 𝐴
𝐷𝐿𝑖 +
𝜏(𝑑𝐸𝜏 /𝑑 √𝜏)

where DLi+ is the Li+ diffusion coefficient, and mB and MB are mass and molar mass of
sample particles. VM is molar volume of the LRNMC, which was derived from XRD
patterns. L is the thickness of the cathode, which was measured using a digital
micrometer. A is the projected area of cathode discs, 0.71 cm2.
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The equation was further simplified with a sufficient small currents (0.05C rate)
were applied for short time intervals (30 mins vs. 4 hrs). [3] As the simplified mode
allowed dE/dτ to be considered as linear, the equation became
𝐷𝐿𝑖 +

4 𝑚𝐵 𝑉𝑀 2 ∆𝐸𝑠 2
(
) (
)
=
𝜋𝜏 𝑀𝐵 𝐴
∆𝐸𝜏

The molar volume VM was assumed to be stable during repeating
insertion/extraction of Li+. The τ denotes the duration of current pulse, and ΔEs and ΔEτ
represent the difference of steady-state voltages due to current pulse and voltage change
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Figure S6. Cyclic performance of UC and AUC at (a) different C rates, and (b) a 1 C rate
and room temperature.

We performed galvanostatic charge-discharge tests at different C rates (0.1C,
0.2C, 0.5C, 1C, 2C, and 5C) and a 1C rate at room temperature to investigate the rate
capability and cyclic stability. The specific capacity of LRNMC decreased from ~225 to
~200 mAh g-1 at a 0.1 C rate at room temperature after annealing. However, the rate
capability showed no difference between UC and AUC. In addition, the capacity
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retention improved from 69% to 94% after annealing, but the specific capacity dropped a
lot.

Figure S7. Coulombic efficiencies of 1C-test of as-coated samples at (a) room
temperature and (b) 55 ºC, and of annealed samples at (c) room temperature and (d) 55
ºC.

Table S1. EIS fitting results of UC, 40Fe, and A40Fe after 1st and 100th cycle at a 0.3C
rate at room temperature.
Cycle number

After 1st cycle

Samples Rohm/Ω Rf/Ω Rct/Ω Ws/Ω s-1/2
UC

7.4

40.2

37.6

18.4

40Fe

8.5

16.0

38.5

18.5

A40Fe

8.4

19.1

28.2

13.6

UC

12.9

139

2554

25.8

10.8

48.3

536

29.8

9.8

43.8

115

22.1

After 100th cycle 40Fe
A40Fe
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Table S2. Deconvolution of XPS spectra in Figure 8.
Core levels

C 1s

O 1s

F 1s

Binding Energies, eV

Details

284.7

Carbon, C-C bond

285.5

C-H bond (PVDF)

286.5

C-O bond

288.9

Carbonates

291

C-F bond (PVDF)

529.8

M-O bond (M=Mn, Fe, etc.)

531.5

Carbonates

533.3

Phosphates, poly(oxyethylene)

685

M-F (M=Li, Mn, Fe, etc.)

687.5

Salt decomposition species

688

C-F bond (PVDF)

134

P 2p3/2, salt decomposition species

135

P 2p1/2, salt decomposition species

48.7

Mn3+ cation

50

Mn4+ cation

P 2p

Mn 3p

84

Figure S8. Voltage profiles (right) and dQ/dV plots (left) of AUC at a C/3 rate during
their discharge at 1st, 5th, 10th, 20th, 30th, 40th, 50th, 60th, 70th, 80th, 90th, and 100th cycle at
room temperature.
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ABSTRACT

Atomic layer deposition (ALD) method has emerged as a promising technique to
address the dissolution and poor conductivity of electrode materials of lithium ion
batteries. In this work, surface modification of LiFePO4 (LFP) was carried out by
titanium nitride (TiN) ALD, during which a Ti doping into LFP occurred simultaneously.
X-ray photoelectron spectroscopy (XPS) and electrochemical tests were performed to
prove the Ti doping, and the composition of TiN layer on the surface of LFP particles
was interpreted as a combination of TiN and titanium oxynitride (TiOxNy). Owing to the
synergy of TiN coating and Ti doping, the specific capacity of modified LFP increased to
~159 mAh g-1, compared to ~150 mAh g-1 of the uncoated one. The modified LFP
exhibited a superior cyclic stability with a capacity retention of ~89 % after 1,000 cycles
of charge-discharge at a 2C rate at room temperature, whereas the failure of uncoated
LFP began after only 500 cycles. A significant reduction of impedance was observed on
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the TiN ALD-modified LFP, and SEM results showed that this modification restricted
severe growth of solid permeable interface layer on the surface of cathode.

1. INTRODUCTION

Lithium ion battery (LIB) cathodes, as one of the limiting factors to the
performance of LIB, have been intensively investigated due to cathodes are commonly
materials with low conductivity, and they become unstable during long-term cycling,
therefore researchers seek effective design and engineering in nanoscale for a higher
energy and power density and better stability. [1, 2] Atomic layer deposition (ALD),
which employs self-limiting vapor-phase reactions, has emerged as a powerful coating
technique due to its predominant advantages, such as the uniformity of coating and
precise control of the coating thickness. [3, 4] For LIB cathodes, ALD has been mainly
used to provide uniform and protective coating on electrode surface and control thickness
of the coating for an optimal performance. [5-10] The use of conductive ALD coating can
limit the formation of the passive solid permeable interface (SPI) layer and lower the
surface resistance. Recently, a novel approach has been reported to achieve cation doping
by post-annealing ALD-coated cathode. [11, 12] Adopting ALD will help manipulate the
uniformity of the doping and amount of dopant cation. The doped phase resided between
surface coating and bulk structure of the cathode can alleviate the side reactions between
cathode surface and electrolyte, and thus improve activity of charge transfer reaction.
[11]
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By combining coating and doping methods, their advantages can be exploited
together. To achieve that, one way is to synthesize materials with dopant precursors and
perform coating in a separate step. Another way is to perform post-heat treatment to
induce cation diffusion from coating to bulk of electrode materials. [11, 13] Recently,
Liang et al. reported synergic effects of FeOx coating and Fe doping on a commercial
LiMn1.5Ni0.5O4 with one step using ALD, during which Fe diffused from surface to bulk
and contributed to the Fe doping. [14] The use of ALD can assure better uniformity of
coating and doping than conventional liquid-based methods did, and this way can make
use of the high reaction temperature along with ALD for a cation doping.
In this work, we carried out titanium nitride (TiN) ALD on the surface of
LiFePO4 (LFP) particles in a fluidized bed reactor. Compared with Al2O3 and some other
metal oxides, TiN has a higher electrical conductivity and chemical stability, and it also
showed good mechanical hardness. [15-18] In the meanwhile, the high reaction
temperature of TiN ALD (e.g., 400 °C) gave rise to a second reaction between TiCl4 and
LFP, which resulted in Ti doping into LFP. By incorporating both surface and bulk
modification, the LFP particles modified with 5 cycles of TiN ALD showed a superstable cyclic performance with a capacity retention of ~89 % even after 1000 cycles of
charge-discharge at a 2 C (1 C = 170 mA g-1) rate, as compared to that of uncoated LFP,
which was only able to work for about 500 cycles at the same conditions. The results of
electrochemical impedance spectroscopy (EIS) exhibited that the modified LFP has a
significantly lower surface and charge transfer resistance than that of the uncoated LFP.
Through scanning electron microscopy (SEM), we found that the TiN ALD modification
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strengthened the mechanical stability of LFP and inhibited the severe growth of SPI
layer.

2. EXPERIMENTAL SECTION

2.1. ALD FILM COATING
TiN ALD was applied on commercial LFP particles in a fluidized bed reactor, as
described elsewhere.[19] The TiN film was deposited by alternative dose of titanium
TiCl4 (99 % pure, Alfa Aesar) and NH3 (99.9 %, Airgas) at 400 °C, and every dose was
followed by a N2 flush to eliminate unreacted precursors. TiCl4 was evaporated and
delivered into the ALD reactor chamber at room temperature with N2 as a carrier gas.
Pristine LFP particles were named as UC, and LFP particles modified with 5 and 10
cycles of TiN ALD were named as 5c-TiN and 10c-TiN, respectively. For comparison,
Al2O3 films were also coated on LFP particles. Al2O3 ALD was carried out using
trimethylaluminum (97 %, Sigma-Aldrich) and deionized water as precursors at 177 °C.
The LFP particles coated with 2, 5, and 10 cycles of Al2O3 ALD were named as 2cAl2O3, 5c-Al2O3, and 10c-Al2O3. All the feed lines were maintained at 120 °C to avoid
condensation of precursors. To study the mechanism of Ti doping, an experiment of Ti
doping was also carried out following the TiN ALD process, but only the half cycle of
TiCl4 dose and N2 flush was included. In another experiment, at the same condition, N2
and O2 gas were used to take place of TiCl4 vapor to investigate the possible oxidization
of LFP in different atmospheres.
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2.2. MATERIAL CHARACTERIZATION
The carbon content contained in the uncoated LiFePO4 (UC) cathode particles
was examined using a Q50 thermogravimetric-differential scanning calorimetry
(TGA/DSC) (TA instruments) under flowing N2 or O2 at atmospheric pressure (40 mL
min−1) at a heating rate of 20 °C min−1 until 1,000 °C. Morphology of the UC powders
was observed using a Hitachi S-4700 field emission scanning electron microscope (FESEM) equipped with an energy dispersive spectroscopy (EDS) system. The mass
percentages of Ti element in TiN ALD modified LFP were quantified by inductively
coupled plasma atomic emission spectrometer (ICP-AES). The surface area of pristine
LFP particles was calculated using the Brunauer–Emmett–Teller (BET) method in a
relative pressure range of 0.05 - 0.25 based on nitrogen adsorption and desorption
isotherms obtained by a Quantachrome Autosorb-1. The chemical state of TiN and Al2O3
ALD films was verified by X-ray photoelectron spectroscopy (XPS) (Kratos Axis 165)
through an introduction of Al Kα radiation, operated at 150 W and 15 kV. The XPS
spectra were plotted and analyzed using CASA-XPS software program. The powder Xray diffraction (XRD) of pristine and modified particles was performed with PANalytical
X'Pert Pro multi-purpose diffractometer using CuKα radiation (λ=1.5406 Å) and a scan
rate of 3 ° min-1.

2.3. COIN CELL ASSEMBLY
A cathode electrode was prepared with slurry using 10 wt.% of polymer binder
poly(vinylidene fluoride) (PVDF, Alfa Aesar) completely dissolved in N-methyl-2pyrrolidone (NMP, Sigma-Aldrich) solvent, which was incorporated into a mixture of 80
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wt.% of uncoated or ALD-modified LFP cathode powders and 10 wt.% carbon black
(super P conductive, 99+ %, Alfa Aesar). This slurry was then cast on an aluminum foil
uniformly using a doctor blade and dried at 120 °C for 12 hours in a vacuum oven. The
cathode paste was punched into round discs with an area of ~0.71 cm2. The mass loading
of every cathode disc was ~3.5 mg cm-2. Each disc was cold-pressed with 2.5 metric tons
before assembly. CR2032 coin cells were assembled with cathode discs and lithium metal
disc (99.99 %, Sigma-Aldrich) in an argon-filled glovebox. The two electrodes were
separated by a Celgard-2320 separator. The electrolyte was lithium hexafluorophosphate
(LiPF6, 1 mol L-1, Sigma-Aldrich) solution with a solvent of ethylene carbonate (EC) and
dimethyl carbonate (DMC) (1:1 volume ratio).

2.4. ELECTROCHEMICAL TESTING
Galvanostatic charge-discharge cycling tests of coin cells were performed
between 2.5 V and 4.2 V by Neware Corporation’s battery analyzer. The cyclic
voltammetry (CV) was carried out at a scan rate of 0.1 mV s-1 between 2.5 V and 4.5 V
using SP-150 Potentiostat, Bio-Logic Science Instruments SAS. A three-electrode
configuration was utilized with lithium metal as both anode and reference electrode. The
EIS was performed using the SP-150 Potentiostat, which was the same instrument used
for the CV test, in a frequency ranged from 10 mHz to 1 MHz and with an excitation
signal of 5 mV at room temperature. The collected EIS data were analyzed with an
equivalent circuit model using an EC-Lab software. After a 1,000-cycle charge-discharge
cycling test at a 2 C rate, the coin cells of UC and 5c-TiN were disassembled in a glove
box under Ar atmosphere to extract the cycled cathode discs; the discs were rinsed and
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flushed with DMC and then dried under vacuum to remove the residual electrolyte. [20]
The acquired cathode discs were visualized using SEM measurements to investigate the
morphology change after a 1,000-cycle charge-discharge cycling test.

3. RESULTS AND DISCUSSION

Pristine LFP particles (Figure S1) exhibited irregular shapes with diameters in a
range of 1 to 5 µm. TGA measurements of pristine LFP particles were carried out in N2
and O2 atmosphere between room temperature and 1,000 °C, as shown in Figure S2. In
Figure S2a, water desorption caused a little weight loss, but the flat curve indicated that
the LFP kept stable until 400 ℃ in a N2 atmosphere; however, a weight increase was
found beginning from ~350 °C in an atmosphere of O2 (Figure S2b). The weight increase
in an O2 atmosphere indicated oxidization of LFP, which caused the formation of a
secondary phase, Li3Fe2(PO4)3.[21] These results also indicated that LFP could be
unstable at high temperature in an atmosphere of reactive gas, such as TiCl4 vapor during
the TiN ALD process. Besides, according to the TGA results in O2 atmosphere, a trace
amount of carbon was found to exist which was considered of no significant influence on
LFP as reported. [22]
The pristine LFP particles were coated with TiN film by ALD. The mass loading
of Ti element in 5c-TiN and 10c-TiN was measured by ICP-AES, which was ~1.03 and
~1.75 wt. %, respectively. The surface area of pristine LFP particles was 15 m2 g-1 based
on the BET method. Assume that no diffusion of Ti into LFP occurred and all TiN film
covered on the surface of LFP particles, we should be able to calculate the thickness of
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TiN film based on the Ti content and the surface area of the particles. According to the
following equation,
δ=

𝑉𝑇𝑖𝑁
𝐴

=

𝑀𝑇𝑖𝑁
×𝜔𝑇𝑖
𝑀𝑇𝑖

𝐴×𝜌𝑇𝑖𝑁

(1)

where δ is the thickness, V is the volume of TiN film, A is the surface area measured by
the BET method, M is the molar mass of TiN or Ti, ω is the weight percentage measured
by ICP-AES, and ρ is the density of TiN. Therefore, the thicknesses δ was calculated as
~0.17 nm and ~0.29 nm for 5c-TiN and 10c-TiN, respectively, which were too thin to be
observed using electron microscopes. The film growth rate of TiN was estimated to be
~0.03 nm per cycle, which was comparable to the reported values. [23, 24]
The LFP particles were also coated with Al2O3 films by ALD. To investigate the
composition of TiN and Al2O3, XPS was performed on the UC, 5c-TiN, and 5c-Al2O3
samples. In Figure S3, the XPS survey spectrum of UC included all the typical peaks of
LFP. [25] In contrast, the XPS survey spectra of the 5c-TiN (Figure S4a) and the 5cAl2O3 (Figure S4b) exhibited Ti 2p and N 1s peaks or Al peaks associated with TiN or
Al2O3 coating, respectively. The core levels of Ti 2p and N 1s were analyzed by highresolution XPS measurement for a detailed investigation. In Figure 1a, the N 1s spectrum
was deconvoluted into three peaks at binding energies of 395.7, 397.2, and 399 eV. The
peak located at 395.7 eV was assigned to nitrogen in the TiOxNy or O-Ti-N bond due to
the easy oxidization of TiN surface in air after ALD; the peaks at 397.2 eV indicated the
existence of Ti3+ and Ti-N chemical bond in a stoichiometric TiN; the peak located at 399
eV was attributed to chemisorbed molecular nitrogen.[26, 27] In Figure 1b, the doublet
peaks of Ti 2p spectrum were corresponding to Ti 2p3/2 (456.6 eV) and Ti 2p1/2 (462.5
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eV). Deconvolution of Ti 2p3/2 showed a peak located at 455.3 eV, indicating the Ti3+
state in TiN; the peak located at 456.5 eV was related to TiOxNy. [26] A peak located at
458 eV evidenced a state of Ti4+, however, this was lower than the binding energy of
stoichiometric bonded TiCl4 or TiO2. [28] The separated Ti 2p1/2 encompassed a set of
peaks at 460.8 eV for TiN, 462.3 eV for TiOxNy, and 464 eV for Ti4+. [28] The TiN
coating was found to be a combination of TiN and TiOxNy, and the presence of Ti4+
should be due to the Ti4+ from TiCl4 diffused into LFP directly without reacting with
NH3.

Figure 1. XPS results of (a) N 1s core levels, and (b) Ti 2p core levels of 5c-TiN.

In Figure 2, the labeled peaks were identified as the typical LiFePO4 phase
(JCPDS No. 40-1499). The peaks of UC and 5c-Al2O3 samples showed no obvious
difference, since the Al2O3 ALD film was amorphous or the Al2O3 loading (<1 nm thick)
was not enough to be detected by XRD. [14] The 5c-TiN also exhibited those featured
peaks of LFP, but some new peaks appeared additionally. These new peaks were
interpreted to be FePO4 or the partially delithiated LFP. [29-31] The loss of Li element
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should be related to the TiN ALD process. The delithiated LiFePO4, i.e., FePO4 phase,
was still electrochemically active and was able to be lithiated again during chargedischarge cycling. The vacant site left by delithiation may provide a path for the diffusion
of Ti4+ into LFP. The Ti4+ observed in XPS spectra should be attributed to the diffusion
of Ti4+ into Li+ vacancy or occupation of Ti4+ on the original deficiency in LFP, without
staying on the surface of LFP to react with NH3 later. In other words, Ti can be doped on
LFP particles during the TiN ALD process. No peak related to Ti-included phase was
detected by XRD due to its limited amount in the XRD pattern of TiN-coated LFP or
amorphous TiN.

Figure 2. XRD patterns of (a) UC, (b) Al2O3-coated, and (c) TiN-coated LFP.
Diffraction peaks are labeled for orthorhombic structure of LFP with olivine-type
phase (diamond) and FePO4 phase (triangle).

Cyclic voltammetry (CV) of UC, 5c-TiN, and 10c-TiN was performed to
investigate the kinetic of the electrochemical reactions. In Figure 3a, the peaks at 3.45 V
were observed for all of the three samples indicating the main electrochemical reaction
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was from Fe3+/Fe2+ redox couple (Fe peaks). However, after TiN ALD, 5c- and 10c-TiN
both exhibited three pairs of reversible peaks (Ti peaks) at ~2.29, ~2.42, and ~2.80 V in
addition to 3.45 V. These peaks were attributed to an electrochemical reaction of
Ti4+/Ti3+ redox couple. [32-34] The ratio of Ti peaks to Fe peaks showed a higher value
of 10c-TiN, ~0.065 (calculated from current intensity of cathodic peak of Ti at ~2.82 V to
Fe at ~3.56 V) than ~0.019 of 5c-TiN (Ti at ~2.81 V to Fe at ~3.54 V), which suggested
that increasing the cycle numbers of TiN ALD could result in more Ti doping. However,
10c-TiN showed suppressed current intensities of Fe peaks, and this should be due to the
excessive amount of Ti impeded the diffusion of Li+. In contrast, the enhanced current
densities of Fe peaks of 5c-TiN indicated proper amount of Ti doping could help increase
the electrochemical reaction rate. The Fe peak separation of UC, 5c-TiN, and 10c-TiN
were ~0.29, ~0.22, and ~0.24 V, respectively, indicating a reduced polarization of the cell
due to TiN ALD.
In Figure 3b, 5c-TiN delivered a specific capacity of ~159 mAh g-1, which is
~93% of theoretical capacity (170 mAh g-1 of LFP), while 10c-TiN only has a specific

Figure 3. (a) CV results of UC, 5c-TiN, and 10c-TiN at a scan rate of 0.1 mV s-1
between 2 V and 4.5 V, and (b) the voltage profiles of UC, 5c-TiN, and 10c-TiN at a
0.1C rate between 2.5 V and 4.2 V with an inset figure showing magnified image
between 2 V and 3 V in CV.
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capacity of ~110 mAh g-1. The small plateau at ~2.8 V for 5c-TiN and 10c-TiN agreed
with the results measured by CV, and the plateau of 10c-TiN was also more pronounced
than that of 5c-TiN.
The mechanism of Ti doping was investigated by placing the pristine LFP
particles in an atmosphere of TiCl4 vapor and heating particles to 400 °C. The voltage
profiles of these samples are shown in Figure 4. As shown in Figure 4b, three pairs of
peaks appeared at 2.84/2.76 V, 2.45/2.38 V, and 2.33/2.25 V, which are rightly consistent
with the CV results. There was no reaction between TiCl4 and NH3, so the reaction
between TiCl4 and LFP and excessive TiCl4 caused the flat plateau of Fe3+/Fe2+ redox
couple to be shortened a lot. Koenig et al. [32] and Wang et al. [34] reported that the Tidoped LFP contained LiTi2(PO4)3, which has a lower theoretical capacity than that of
pure LFP but a higher conductivity. A long-time staying in an atmosphere of TiCl4 at
high temperature may also cause the charge transfer between Ti4+ and Fe2+ and thus form
Ti3+ and Fe3+, or even loss of electrochemically active LFP phase, therefore exposure of
LFP to TiCl4 during TiN ALD process should be controlled properly. In an atmosphere of
N2, the pristine LFP particles was also heated to 400 °C, but only Fe peaks were found in
Figure 4d, which means that the LFP was stable in the flush gas during the ALD process
at 400 °C. To verify that three pairs of new peaks were not resulted from the oxidization
of LFP, the same experiment was performed using O2 atmosphere. In Figure 4f, the
discharge curve showed separated peaks at ~2.52 V and ~3.40 V, which should be due to
formation of a secondary phase, Li3Fe2(PO4)3, but different from the Ti-doped LFP.
Figure 4g shows the XRD patterns of UC, TiCl4-modified, and TiN-coated LFP. No peak
of FePO4 was observed after LFP reacted with TiCl4, compared with that of 5c-TiN, but
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some new peaks appeared which were indexed to Ti-included phosphate. Ti tended to
segregate into a Ti-enriched phase, but not to form a solid solution with LFP, [32] so the
peak at ~24.5° in TiCl4-modified LFP ((ii) in Figure 4g), which was the most intensive
peak of LiTi2(PO4)3 (ICDD No. 00-035-0754), could be observed for the TiCl4-modified
LFP. Furthermore, an EDS measurement detected the existence of Ti in the TiCl4modified LFP as shown in Figure 4h; the Cl peak should be related to some side products
from reaction between TiCl4 and LFP.

Figure 4. Voltage profiles (a,c,e) and corresponding dQ/dV profiles (b,d,f) of LFP heated
at 400 °C in an atmosphere of (a,b) TiCl4, (c,d) N2, and (e,f) O2; (g) XRD patterns of (i)
UC, (ii) TiCl4-modified, and (iii) TiN-coated LFP; (h) EDS spectrum of TiCl4-modified
LFP.

98
To investigate the cyclic stability, the galvanostatic charge-discharge cycling tests
were performed at 2C and 5C rates between 2.5 V and 4.2 V at room temperature. Al2O3
ALD-coated LFP was also tested for comparison, since Al2O3 film is one of the most
widely used ALD coating materials in LIB but seldom used for LFP. Different
thicknesses of Al2O3 were coated on LFP with 2, 5, and 10 cycles of Al2O3 ALD. In
Figure S5, the 5c-Al2O3 delivered the same capacity as that of the UC; in Figure S6, we
found 5c-Al2O3 showed an optimal performance after 300 cycles of charge-discharge at a
2C rate, but the difference between UC and 5c-Al2O3 was very small. The 5c-Al2O3
sample was used for the following comparison studies.
We performed a long-term cycling test at a 2C rate until 1,000 cycles. In Figure
5a, the capacity of UC began to fade after 300 cycles, and 5c-Al2O3 after about 400
cycles. Al2O3 ALD coating only provide limited improvement, for one reason that Al2O3
and LFP are both electrically insulating materials. On the other hand, Al2O3 was expected
to hinder the attack of HF and mitigate iron dissolution, but the results indicated a
possibility of mechanical crack of LFP after repeating insertion/extraction of Li+. Poor
contact between the active material and carbon black or current collector caused by
cracking will increase the internal resistance of cathode and irreversibly decrease the
specific capacity. Though Al2O3 ALD film still demonstrated good improvement for
other electrodes, [35, 36] a conductive film should be used for LFP. In contrast, 5c-TiN
exhibited a stable cyclic performance even after 1,000 cycles of charge-discharge. The
specific capacity of 5c-TiN was ~105 mAh g-1 at a 2C rate, higher than ~87 mAh g-1 of
UC and ~88 mAh g-1 of 5c-Al2O3, which should be due to the improved conductivity by
TiN ALD. The conductive TiN film would benefit the distribution of electron on the
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surface of LFP particles and the activity of charge transfer reaction; the Ti4+ dopant could
improve the electrical conductivity of LFP, stabilize the structure of LFP, and favor the
Li+ transport. However, the excessive Ti doping of 10c-TiN led to instability of cyclic
performance and degradation of capacity.
A galvanostatic charge-discharge test of total 2,000 cycles at a 5C rate was also
carried out. In Figure 5b, 5c-TiN showed a better capacity retention and a higher specific
capacity than that of the others due to the protection of TiN film and improved
conductivity by TiN ALD. 5c-Al2O3 exhibited improvement of capacity compared to UC,
since the ALD film can also inhibit the growth of SPI layer and enable relaxation of
strain and stress during charge-discharge cycling.

Figure 5. Cyclic performance of UC, 5c-Al2O3, 5c-TiN and 10c-TiN at (a) a 2C rate for
1,000 cycles and (b) a 5C rate for 2,000 cycles between 2.5 V and 4.2 V at room
temperature.

The rate capability was investigated by galvanostatic charge-discharge cycling tests
at different C rates (0.1C, 0.5C, 1C, 2C, 5C, and 10C). As shown in Figure 6a, the UC and
5c-Al2O3 exhibited a similar electrochemical performance, and the specific capacity at a
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0.1C rate was ~149 mAh g-1. Due to the existence of Al2O3 coating, the capacities of the
5c-Al2O3 at 5C and 10C exhibited a limited increase. 10c-TiN delivered a much lower
capacity than the others though, as shown in Figure 6b, the 10c-TiN displayed a good rate
capability at a higher current density, indicating the conductivity of 10c-TiN should be
higher than that of UC, but there would be a capacity loss when Ti was over-doping. On
the contrary, 5c-TiN exhibited an improvement in both specific capacity and rate capability
compared to those of UC. The synergic effects of TiN coating and Ti doping could
strengthen LFP particles mechanically and enable a better electronic distribution and facile
diffusion of Li+, which would enhance stability and activity of LFP.

Figure 6. (a) Cyclic performance of UC, 5c-Al2O3, 5c-TiN, and 10c-TiN at different C
rates (0.1C, 0.5C, 1C, 2C, 5C, and 10C) between 2.5 V and 4.2 V at room temperature;
(b) normalized discharge capacity of UC, 5c-Al2O3, 5c-TiN, and 10c-TiN at different C
rates.

Electrochemical impedance spectroscopy (EIS) was carried out on the coin cells
before and after the 1,000-cycle test at a 2C rate and room temperature. Nyquist plots of
UC, 5c-Al2O3, 5c-TiN and 10c-TiN are shown in Figure 7. Every plot includes one or
two semicircles and a straightly inclined line, where the semicircles describe Rf or film
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resistance (on the left and high-frequency region), which represents interfacial film
resistance, and Rct or charge transfer resistance (on the right and medium-frequency
region), and Ws, the straight “tail” in the low-frequency region is attributed to mass
transfer process in the bulk. The equivalent circuit in Figure 7c was used to fit the
collected EIS data. [20] Rf and Rct parallel with constant phase element CPE, which
represents “imperfect” double-layer capacitor. Before the cycling test at a 2C rate, the
sums of Rf and Rct of UC and 5c-Al2O3 were 428 Ω and 401 Ω, respectively. In contrast,
for 5c-TiN and 10c-TiN, these values were only 18 Ω and 46 Ω, indicating that the TiN
ALD modification significantly improved the conductivity of LFP and facilitate the
kinetic of electrochemical reaction. After 1,000 cycles of charge-discharge, both UC and
5c-Al2O3 showed a huge increase of resistance, 612 Ω and 563 Ω, respectively, especially
for the surface resistance, which means that a thick SPI layer could be formed on the
surface of the cathodes. However, there was only small increase of internal resistance for
5c-TiN and 10c-TiN. Therefore, the TiN coating and Ti doping played a role that limit
the growth of SPI layer. Despite the low resistance of 10c-TiN, the cyclic performance
still showed an unstable behavior indicating the exposure time of LFP to TiCl4 should be
properly controlled to avoid over-doping and the loss of capacity.
SEM of cathodes was carried out on cycled cathodes of UC and 5c-TiN after 1,000cycle charge-discharge cycling tests at a 2C rate and room temperature to investigate the
impact of long-term cycling test at a 2C rate. The surfaces of cathodes were checked to
compare with the SEM image shown in Figure S1. The length of time spent on SEM of
each sample was comparable to ensure an equal and comprehensive investigation.
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Figure 7. Nyquist plots of UC, 5c-Al2O3, 5c-TiN, and 10c-TiN (a) before and (b) after
1000 cycles of charge-discharge at a 2C rate and room temperature, and (c) equivalent
circuit.

Table 1. Fitting results for the EIS data.
Samples

cycle no.

Rohm / ohm

Rf / ohm

Rct / ohm

Ws / (ohm s-1/2)

UC

0

11

164

264

39

1,000

15

370

242

46

12

146

255

38

1,000

15

319

244

43

0

10

11

7

28

1,000

12

25

49

53

0

9

9

37

36

1,000

14

62

39

58

5c-Al2O3 0

5c-TiN

10c-TiN
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In Figures 8a, the surface of UC was found to be covered by a smooth and thick
SPI layer, which was also observed for the overall surface of UC cathode.In contrast, there
was a thinner SPI layer on cathodes from TiN modified LFP particles, as shown in Figure
8b. The modification of LFP particles by TiN ALD hindered the formation of a thick SPI
layer on the top of the cathode. In Figure 8c, some cracks of LFP could be observed at
some parts that was not covered by SPI layer. More SEM images verified the presence of
SPI layer and cracks on the UC cathode, as shown in Figure S7. The cracks of UC particles
should be attributed to the failure caused by mechanical strain and stress during repeated
insertion/extraction of Li+, and this could result in an increase of internal resistance and an

Figure 8. SEM images of (a) a thick SPI layer on the surface of UC cathode, (b)
surface of 5c-TiN cathode, (c) crack on the UC particle, and (d) the well-retained
particles of 5c-TiN. All SEM images of the cathodes were visualized after 1,000-cycle
charge-discharge cycling tests at a 2C rate and room temperature.
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irreversible loss of capacity. The 5c-TiN in Figure 8d exhibited its original shape,
suggesting a good protection by TiN film and stabilization by Ti dopant, which effectively
elongated the cycle life of LFP; the rough surface of active material (compared with the
pristine one in Figure S1) also indicated a less influence of SPI layer on the cathode of 5cTiN. SEM images of the surface of other parts of 5c-TiN were shown in Figure S7.

4. CONCLUSION

In this study, an effort was made to protect both surface and host structure of
cathode particles and enhance kinetic of electrochemical reactions, thereby enabling
higher capacity and longer cycle life. A conductive ultra-thin TiN coating was used to
modify the surface of LFP particles by ALD. Due to the reaction between LFP and ALD
precursor TiCl4 at 400 °C, Ti cation was also doped into LFP during ALD process. This
modification significantly improved the conductivity and stability of LFP. During the
electrochemical tests, the 5c-TiN achieved 93% of theoretical capacity of LFP, and the
cyclic stability of 5c-TiN showed a capacity retention of ~89%. Impedance measurement
and SEM images after cycling test confirmed that the synergic effects of TiN coating and
Ti doping could lower the resistance, inhibit the growth of SPI layer, and strengthen the
mechanical stability of LFP particles. We also found that the exposure time of LFP to
TiCl4 should be properly controlled during ALD. In summary, this work proved that
synergy of TiN coating and Ti doping can effectively enhance the electrochemical
performance of LFP. Furthermore, a strategy was given to utilize the instability of
electrode materials in reactive conditions for an effective modification. With proper
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control, the complex modification, such as synergy of coating and doping during ALD,
can be achieved in one step simultaneously.
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SUPPORTING INFORMATION

In Figure S1, the SEM image showed irregular shapes and rough surface of
primary particles with particle size ranged from 1 to 5 µm.

Figure S1. SEM images of pristine LFP particles in (a) low and (b) high resolutions.

Figure S2 shows TGA curve with a variation of temperature (25 to 1,000 °C)
under N2 or O2 atmosphere. In N2 atmosphere, LFP kept stable until more than 400 ℃
indicating the thermal stability of LFP during TiN ALD (400 ℃) flush step. In contrast,
in O2 atmosphere, the weight increased in the range between 300 and 700 °C, because
LFP particles were oxidized under O2 atmosphere. The instability of LFP in the
atmosphere of reactive gas suggested a side reaction could occur during TiN ALD
process due to the presence of TiCl4 vapor. On the other hand, the weight gain was
approximately 4.24 % between 300 and 700 ℃. Theoretically, the weight gain in carbonfree LFP was about 5.07% due to the oxidization mechanism.[1, 2] Meanwhile, Amine et
al.[2] reported that if LFP particles were coated by carbon, the value of weight gain
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would be lowered compared to that of carbon-free LFP due to the oxidation of carbon (in
presence of O2 gas) that occurred between 450 and 700 °C. The amount difference of
weight gains between the carbon-free LFP and LFP/C was carbon content. Therefore,
carbon content in our uncoated LFP cathode particles was around 0.83 wt.%, and this
carbon content could be considered as a trace amount (0.5 to 0.9 wt.%)[3] that does not
develop a significant improvement in the conductive effect on the electrochemical
performance of LFP particles.[3]

Figure S2. TGA of pristine LFP particles in atmospheres of (a) N2 and (b) O2.

Figure S3 shows X-ray photoelectron spectroscopy (XPS) survey spectra of
pristine LFP particles. The Fe 2p spectrum was clearly separated into two Fe 2p1/2 and Fe
2p3/2 peaks corresponding to the binding energy of 725.2 eV and 712.0 eV, respectively.
The appearance of these peaks indicates the chemical valence state of Fe2+, which is the
characteristic of the olivine-type LiFePO4 cathode materials.[4]
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Figure S3. XPS spectrum of pristine LFP particles. The inset figure is the spectrum of Fe
2p core levels.

Figure S4. XPS spectra of (a) 5c-TiN and (b) 5c-Al2O3.

Figure S4 exhibits the XPS survey scan results of 5c-TiN and 5c-Al2O3. The
survey spectrum of 5c-TiN showed chlorine (Cl) peaks located at binding energies of 270
eV for Cl 2s and 200 eV for Cl 2p. The Cl should be mainly due to the incomplete
removal of the organic ligands from the metal-organic precursor during ALD half
reactions. This impurity can be easily eliminated by heating in vacuum. The XPS survey
spectrum of the Al2O3-coated particles is presented in Figure S4b. The presence of Al2O3
film was confirmed by the appearance of Al 2s and Al 2p peaks.
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Figure S5. Voltage profiles of UC (solid line) and 5 cycles of Al2O3 ALD coated LFP
(dash line) at a 0.1C rate between 2.5 V and 4.2 V at room temperature.

To investigate the effects of the thicknesses of Al2O3 films, as shown in Figure
S6a, a galvanostatic charge and discharge cycling test was first performed on LFP
particles coated with different cycles of Al2O3 ALD (2c-Al2O3 means LFP particles
coated with 2 cycles of Al2O3 ALD) at a 2C rate between 2.5 V and 4.2 V at room
temperature. The performance of 2c-Al2O3 and 5c-Al2O3 showed very similar results, and
we only observed a slight increase in specific capacity and capacity retention for 5cAl2O3, compared to those of 2c-Al2O3. 10c-Al2O3 delivered a lower capacity than the

Figure S6. Cyclic performance of uncoated and Al2O3-coated LFP particles with 2, 5,
and 10 cycles of Al2O3 ALD at a 2 C rate between 2.5 V and 4.2 V at room
temperature.
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other two samples, because the thicker Al2O3 coating would increase the electrical
resistance of LFP.
In Figure S7, SEM analysis of UC and 5c-TiN was carried out after 1,000 cycles
of cycling tests at a 2C rate. The Figure S7a-7d showed solid permeable interface (SPI)
layers on the surface of UC cathode and some cracks of LFP particles. In Figure S7e and
7f, the surface of 5c-TiN cathode was still rough without a thick and smooth SPI layer.
After a comprehensive visualization by SEM, the particles were found to retain well
without crack.

Figure S7. SEM images of (a,b,c,d) UC and (e,f) 5c-TiN cathodes after cycling tests at a
2C rate for 1,000 cycles.
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ABSTRACT

As Li ion battery (LIB) technology develops, its nanoscale design is attracting
more and more interest. Atomic layer deposition (ALD) has emerged as a promising
technique to provide conformal and ultrathin coating for LIB materials. In this work, an
iron oxide (FeOx) ALD was performed on LiMn1.5Ni0.5O4 (LMNO) cathode particles,
followed by an annealing process. Fe was doped into LMNO during the ALD process;
and it was found that lattice oxygen loss and structural change of LMNO occurred at a
reaction temperature of 450 ºC under vacuum. Meanwhile, Fe diffused from the surface
to the bulk of LMNO. After post-annealing, FeOx-coated LMNO recovered its structure

115
and lattice oxygen under proper annealing conditions, and exhibited significant
enhancement of specific capacity, rate capability, and cyclic stability.

1. INTRODUCTION

Lithium ion batteries (LIBs) contribute more and more to a green and convenient
energy supply, especially with electric and hybrid electric vehicles and portable tools and
devices. However, the current performance of a LIB still requires intense efforts to meet
the requirements for a reliable power source with high energy density. The Li storage
ability of a LIB is mainly determined by its cathode, which is one of the limiting factors
of a LIB [1-3]. Thus, it is extremely desirable to develop a high-voltage cathode for high
energy density with a maximum utilization of Li for energy storage.
A cubic spinel cathode, LiMn1.5Ni0.5O4 (LMNO), exhibits its great potential with
high operating voltage (~4.7 V), high theoretical capacity (147 mAh g-1), low cost, and
low toxicity [4-6]. However, LMNO with an ordered phase exhibited poor Li+ transport
properties [7, 8]. A counterpart is a disordered phase of LMNO. Due to the existence of
an oxygen deficiency in disordered LMNO, a reduction of Mn cations from +4 to +3
occurs to compensate the void of valence [4, 5]. Incorporation of Mn3+ triggers a disorder
of spinel LMNO, which favors Li+ and electron transport [12], but this improvement of
conductivity is compromised by cyclic stability due to a disproportionate reaction and
Jahn-Teller distortion caused by Mn3+ [13, 14].
Researchers have made efforts to explore an optimized Mn3+ content by tuning
post-annealing conditions or doping alien cations. During post-annealing at 700 °C in air,
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the structure of LMNO experienced a loss of lattice oxygen, followed by cooling at a fast
rate causing an insufficient recovery of lattice oxygen, through which oxygen deficiency
and disorder of LMNO were manipulated [15-17]. The other strategies were an
introduction of alien cations, by which the increased internal lattice strain did not
sufficiently support the ordered structure of LMNO, which led to the formation of a
disordered LMNO [8, 18, 19]. These strategies are based on the bulk of LMNO; however,
it is also inevitable that the importance of surface and interface chemistry be considered,
due to the fact that electrochemical and parasitic reactions occur on the
cathode/electrolyte interface. Therefore, coatings were deposited on the surface of active
materials, such as metal oxide (e.g., Al2O3 [20, 21], ZrO2 [22]), metal fluoride (e.g., AlF3
[23]), and metal phosphate (e.g., AlPO4 [24, 25]). Ideally, these inert surface coatings
protect cathodes from surface issues, such as transition metal dissolution and side
reactions at cathode-electrolyte interface, while the electronic and ionic conductivity
should be moderate without significant influence on internal resistance [26, 27].
Recently, a surface-doping method emerged as an attractive technique for
modifying the LIB cathode, so that the surface of cathode particles can be manipulated as
a protective stable phase with good Li+ transport properties [1, 13, 28-34]. It is commonly
achieved by adding dopant precursors (such as precipitation [35], metal oxide
nanoparticles [32], or metal oxide films [13]) to the surface of cathode particles, followed
by post-annealing to achieve surface doping. Atomic layer deposition (ALD) is an ideal
method to deposit dopant precursors with uniform dispersion and precise control of
dopant amounts. Xiao et al. manipulated the surface of LMNO with a TiMn2O4-like
spinel phase by combining TiO2 ALD and post-annealing, which facilitated charge
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transfer and suppressed Mn dissolution [13]. Except for the two-step surface doping (i.e.,
ALD coating and post-annealing), our previous work has proved synergetic coating and
doping of LIB cathode particles by one-step ALD [36, 37]. Nonetheless, the surface
doping/coating by the ALD process is not fully understood.
Herein, we studied iron oxide (FeOx) ALD on LMNO particles to better
understand the surface doping mechanism and improve the performance of LMNO by Fe
doping. After 50 cycles of FeOx ALD on LMNO, Fe surface-doping occurred without
post-annealing, and the Fe doped phases and structural change of LMNO were analyzed
by different material characterizations. Then, a further post-annealing at 700 °C was
performed, which induced Fe diffusing much deeper into the bulk of LMNO. After postannealing, the Fe-doped LMNO exhibited significant improvement in its electrochemical
performance. An initial capacity of ~121.9 mAh g-1 with ~86.1% of capacity retention
was obtained after 500 cycles of charge-discharge at a 1C rate and 55 °C. This was much
better than an initial capacity of ~ 115.5 mAh g-1 with ~26.7% of capacity retention for
the uncoated LMNO.

2. EXPERIMENTAL SECTION

2.1. MATERIAL PREPARATION
FeOx ALD was performed on commercial LiMn1.5Ni0.5O4 (NEI Corp., 2017)
particles with a P4332 structure in a home-made fluidized bed ALD reactor, as previously
described in detail [36]. The ALD reaction temperature was 450 ℃ while the reactor
zone remained at ~400 mTorr. Ferrocene (99%, Alfa Aesar) and O2 were alternatively
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dosed into the reactor chamber, and a N2 flush followed each dose to blow away byproducts and any unreacted reactants. Ferrocene was evaporated at 115 ℃ in a stainlesssteel bubbler and carried by N2 carrier gas. Feed lines were heated to 120 ℃ to avoid the
condensation of ferrocene. 50 cycles of FeOx ALD were conducted on LMNO. After
FeOx ALD, the cathode particles were annealed at 700 °C for 4 hours or 10 hours in air,
and then cooled naturally or slowly with cooling rates of ~10 °C min-1 or 1 °C min-1,
respectively. The uncoated sample was named UC, and the as-prepared (AP) LMNO after
FeOx ALD was named Fe-AP. The Fe-AP after heat treatments were named Fe-700-4 and
Fe-700-10 for the naturally cooled ones with 4 hours and 10 hours annealing,
respectively, and the slowly cooled samples were named Fe-700-4s and Fe-700-10s. The
Fe-700-10 and Fe-700-10s were used for material characterizations, and Fe-700-4 and
Fe-700-4s had better electrochemical properties and, thus, were used for performance
tests.

2.2. MATERIAL CHARACTERIZATION
Scanning electron microscopy (SEM) was performed to visualize the morphology
of particles by using a Hitachi S4700. High-resolution transmission electron microscopy
(HR-TEM) was performed with FEI Tecnai F30 operated at 300 keV equipped with a
Quantum Gatan image filter (GIF) and a high angle annular dark filed (HAADF)
detector. The scanning TEM (STEM)-electron energy loss spectroscopy (EELS) was
taken in spot mode where the electron beam can be precisely positioned at its desired
spots. The EELS collection semi-angle was around 12 mrad. X-ray absorption
spectroscopy (XAS), including X-ray absorption near edge structure (XANES) and
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extended X-ray absorption fine structure (EXAFS), was performed at beamline 9-BM in
the Advanced Photon Source (APS) of Argonne National Laboratory. Powder X-ray
diffraction (XRD) was carried out using a PANanalytic X’Pert Pro multi-purpose
diffractometer with CuKα radiation and a wavelength of 1.5406 Å at a scanning rate of 3°
min-1. X-ray photoelectron spectroscopy (XPS) was measured using Kratos Axis 165
through an introduction of AlKα radiation at 150 W and 15 kV. Raman spectra were
performed using Aramis 8902, Horiba Jobin Yvon; an HeNe laser, with a wavelength of
632.8 nm and a power of 17 mW, was used for the measurement, and acquisition time
was set to 15 minutes and repeated five times for an average. Thermogravimetric analysis
(TGA) was performed in an air atmosphere with 100 mL min-1 of gas flow from room
temperature to 900 ºC. The Fe amount was 3.78 wt.% for LMNO after FeOx ALD, which
was measured by inductively coupled plasma atomic emission spectroscopy (ICP-AES).

2.3. COIN CELL ASSEMBLY
CR2032 coin cell was used for the electrochemical tests. The cathode was
prepared using cathode particles, carbon black (Super P conductive, Alfa Aesar),
poly(vinylidene fluoride) (Alfa Aesar) with a mass ratio of 8:1:1 dissolved in N-methyl2-pyrrolidone solvent. The mixed slurry was uniformly cast on an aluminum foil with a
thickness of ~200 μm using a doctor blade. The wet cathode coating was dried on a
hotplate heater at ~80 ℃ for 5 minutes and in a vacuum oven at 120 ℃ for 12 hours. In
the coin cell, lithium metal (Sigma Aldrich) was used as the counter electrode, and
electrodes were separated by a Celgard-2320 separator. The electrolyte was a lithium
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hexafluorophosphate solution (LiPF6, 1 mol L-1, Sigma Aldrich) with a solvent of
ethylene carbonate (EC) and dimethyl carbonate (DMC) at a volume ratio of 1:1.

2.4. ELECTROCHEMICAL TESTS
Galvanostatic charge-discharge cycling tests were performed using a Neware
battery test station. The voltage limit was set as 3.5 V to 5 V vs. Li+/Li. Galvanostatic
intermittent titration technique (GITT) was carried out at a 0.1C (1C=147 mAh g-1) rate
at room temperature, with a 0.5-hour charging/discharging process followed by 4 hours
of rest. Electrochemical impedance spectroscopy (EIS) of coin cells was measured before
and after cycling tests using SP-150 Potentiostat, Biologic between 10 mHz and 1 MHz
with an excitation signal of 5 mV. EC-Lab software was used to fit the collected EIS
data. After coin cells were dissembled, the cathode discs were rinsed with DMC and
dried in a vacuum oven. XPS, XRD, and Raman spectroscopy were used to investigate
the cycled cathode discs.

3. RESULTS AND DISCUSSION

3.1. MATERIAL CHARACTERIZATION
The morphology of as-purchased uncoated LiMn1.5Ni0.5O4 particles, Fe-AP, and
Fe-700-10 were investigated by SEM, as shown in Figure S1 in Supporting Information
(SI). The UC particles exhibited irregular shapes with a size distribution in a range of 2-5
μm. Some regular octahedral shapes can be observed for UC as shown in Figure S1b, and
similar shapes can also be found for Fe-AP particles in Figure S1d. After Fe-AP was
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annealed, the Fe-700-10 sample changed into polyhedrons with different surface facet.
For a further investigation, TEM was used to study the surfaces of Fe-AP and Fe-700-10,
coupled with electron energy loss spectra (EELS).

Figure 1. High-resolution TEM images of (a) Fe-AP and (d) Fe-700-10 particles; (b)
EELS spectra of point A and point B in Figure 1a, and (c) XRD patterns of Fe-AP; (e)
EELS spectra of Fe-700-10 at point A and point B in Figure 1d, and (f) XRD patterns of
Fe-700-10 and UC. The EELS spectra were measured in the selected spots noted in their
corresponding TEM images. The XRD patterns were compared with a reference pattern
(PDF card, ICDD #01-080-2162, LiMn1.5Ni0.5O4 cubic spinel phase with Fd-3m space
group). The “*” in Figure 1c denotes LixNi1-xO rock salt phase, and “+” denotes cubic
spinel transition metal oxide phase.
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In Figure 1, TEM images show different features on the surface regions of Fe-AP
and Fe-700-10. As shown in Figure 1a, structural distortion is distributed in the
subsurface of Fe-AP. Compared with the d-spacing of a (111) plane of a typical LMNO,
i.e., 0.47 nm, the d-spacing of Fe-AP (0.49 nm), indexed in Figure 1a, corresponds to the
peak at ~18°in Figure 1c, suggesting an expansion of the lattice structure after ALD.
From the EELS spectra in Figure 1b, a weak pre-edge of an O K-edge was observed at
different sites. These weak edges suggest the existence of oxygen vacancy [38]. The
ratios of intensities of Mn L3/L2 edges in Figure 1b were 2.35 at A site and 2.17 at B site,
indicating that the valence of Mn was lower than +4 due to charge compensation to
oxygen non-stoichiometry. Observation of Fe L-edge at the B site should indicate
diffusion of Fe cations into the LMNO structure, and this should be the reason that no
obvious FeOx thin film was observed for Fe-AP. In our previous work, we noticed the
same phenomenon on a different batch of as-purchased LMNO [36]. In Figure 1c, the
XRD pattern of Fe-AP shows distinct peaks (denoted by “*” and “+”), rather than a
typical LMNO structure, corresponding to a two-phase scenario with Fd-3m spinel and
rock salt phases when oxygen-nonstoichiometry of LMNO reached ~0.45
(LiMn1.5Ni0.5O3.55, estimated by TGA in Figure S2) [11]. This structural change was
caused by loss of lattice oxygen in LMNO. In this work, the reaction conditions of FeOx
ALD were at 450 ºC with a low average pressure of ~4 Torr. However, LMNO begins to
lose lattice oxygen, when heated to 700 °C in an ambient atmosphere, while in a vacuum
oven, the low pressure environment may facilitate oxygen loss [39, 40], and even a low
temperature could result in lattice oxygen loss.
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After annealing, as shown in Figures 1d and 1f, the structure of LMNO recovered
to better crystallinity, as compared with Fe-AP. The lattice structure of Fe-700-10
expanded, according to the XRD patterns, and the lattice parameter increased from
8.1697 Å of UC to 8.1874 Å of Fe-700-10. The EELS spectra of Fe-700-10 also showed
a recovery of lattice oxygen by a strong pre-edge of an O K-edge at B site. Even though
there was still a weak pre-edge observed at the edge of Fe-700-10, the multipoint EELS
scan (in Figure S3) shows a strong pre-edge of an O K-edge under 4-nm depth, indicating
that the lattice oxygen was well recovered. The intensity ratios of Mn L3/L2, plotted in
Figure S3c, indicate that the Mn valence was +4 in the subsurface (>4 nm deep), which
was related to the recovery of lattice oxygen [41]. For Fe L-edge, the intensities
significantly decreased, as compared to those of Fe-AP, suggesting that Fe diffused
deeper into the bulk of LMNO after annealing. For the XPS results in Figure S4, Fe 2p
core levels of Fe-700-10 particles exhibited a lower intensity after annealing due to
deeper Fe diffusion.
Our previous work first reported Fe doping during FeOx ALD on LMNO [36];
however, the mechanism of doping was not clear. In this work, the post-annealing led to
further Fe diffusion, which may help us understand the correlation between Fe diffusion
and oxygen loss. Numerous efforts have been made to investigate and determine the
annealing effects on LMNO [10, 11, 17, 39, 40]. In particular, an annealing process
above 700 ºC will lead to oxygen loss and structural evolution. Previous studies agreed
on formation of impurity phases (e.g., rock salt phase) as shown in Figure 1c, for LMNO
with certain oxygen defects. As lattice oxygen is removed, transition metal (TM) cations
tend to migrate to form a more stable structure [42]. Song et al. reported that when
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LMNO was heated above 700 ºC and oxygen began to release, Li and TM cations would
migrate from 8a and 16d sites to vacant the 16c site in the cubic spinel phase. Then, a
rock salt phase would form during the cooling process, due to the loss of lattice oxygen;
while Li and TM cations returned to their original sites with recovering oxygen [10]. Lu
et al. also reported phase transition between cubic spinel and the rock salt phase of
LMNO during annealing (above 700 °C) and cooling [17]. In this work, loss of oxygen in
LMNO was found during the FeOx ALD process. Therefore, it was highly possible that
structural transition occurred during the high temperature ALD process. Meanwhile, Fe
has very close features to those of Mn and Ni as TM metals and, thus, it should be easy to
form a spinel phase with Fe, Mn, and Ni together after oxygen recovered [43]. When
LMNO was heated in an oxygen-free (i.e., during ferrocene dosing and flushing) and
oxygen-rich (i.e., during oxygen dosing) atmosphere during ALD, or post-annealing at
700 °C and cooling, accompanied with structural transition of LMNO, Fe cations could
participate in the rebuilding of a cubic spinel structure of LMNO with Mn and Ni. In
addition, FeOx deposited by ALD in these conditions would also result in iron oxide close
to γ-Fe2O3 [36], which was similar to the structure of LMNO (Fd-3m cubic spinel).
However, the difference was that Fe cations occupied both tetrahedral 8a and octahedral
16d sites in the γ-Fe2O3.
To further investigate the occupation of Fe in LMNO and the effects of postannealing, X-ray adsorption spectroscopy (XAS) was performed on as-prepared Fe-AP
and post-annealed Fe-700-10. In Figure 2a, the valence states of Fe cations of Fe-AP and
Fe-700-10 can be determined to be mostly Fe3+, according to the edge energy positions
and pre-edges. The pre-edges of Fe-AP and Fe-700-10 in Figure 2b appear to be more
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intensive than α-Fe2O3 did, and they were close to those of Fe3O4, which could be
attributed to the combination of a stronger peak by 1s → 3d (e, t2) dipole-allowed
transition in four-coordinated Fe3+ centers ([4]Fe) and a weaker peak by 1s → 3d (t2g, eg)
quadrupole-allowed transition in a six-coordinated Fe3+ centers ([6]Fe) [44-46].

Figure 2. (a) X-ray absorption near an edge structure (XANES) results of Fe-AP and
Fe-700-10 with reference spectra of Fe3O4 and α-Fe2O3 at Fe K-edge, (b) the pre-edge
regions at high magnification of Figure 2a, and (c) Fourier transform magnitudes of k1weighted extended X-ray absorption fine structure (EXAFS) results of Fe K-edge of FeAP and Fe-700-10.
In a typical Fd-3m LMNO spinel phase, only Li+ cations locate at tetrahedral 8a
sites with a coordination number of four, and TM cations all locate at octahedral 16d sites
with a coordination number of six. The pre-edge regions suggest that the Fe cations at
both 8a and 16d sites were Fe3+. In the main edge region, higher absorption can be
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observed for Fe-AP, which could be attributed to unoccupied d-states for Fe cations in
LMNO with a higher oxygen deficiency than Fe-700-10 [47, 48].
The Fourier transform of EXAFS spectra in Figure 2c provide bonding
information, where the first shell at ~2.0 Å corresponds to a Fe-O bond, and the
overlapping second and third shells at ~3.5 Å are attributed to Fe-TM bonds (TM=Fe,
Mn, and Ni). Intensity of the Fe-O bond of Fe-AP was lower than that of Fe-700-10, due
to a higher local structure distortion caused by an oxygen defect [49]. For the Fe-TM
bonds, the overlapping second and third shells correspond to [6]Fe-[6]TM and [4]Fe[6]TM bonds, respectively [44]. The second shell distance of Fe-doped LMNO is longer
than the [6]Fe-[6]TM bond of Fe2O3 reference, but shorter than that of Fe3O4. In LMNO,
the crystal radii of six-coordinated ions are 0.69 Å for Ni2+, 0.645 Å for Fe3+, 0.645 Å for
Mn3+, 0.53 Å for Mn4+, and 0.78 Å for Fe2+ of the inverse spinel Fe3O4. Therefore, Fe3+Ni2+ bond should account for the second shell distance of Fe-doped LMNO. The third
shell ([4]Fe-[6]TM) appears as a shoulder of the second shells, suggesting that a small
fraction of Fe cations also occupied the tetrahedral 8a site in the Fe-doped LMNO. Lin et
al. illustrated the evolution of the surface structure of LMNO and suggested that
preoccupation of the tetrahedral 8a site by dopant cations in the surface and subsurface
would benefit structure stability [42]. In this study, it can be predicted that Fe-doped
LMNO should exhibit a lower charge-transfer resistance, which has also been proved
later. However, for the Fe3+ at the 16d site, we will further investigate it in terms of the
structure disordering of LMNO.
The importance of Mn3+ in LMNO, that was reported, was that it could increase
structural disordering [12, 19]. As the Raman spectra is sensitive to structural symmetry,
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we compared Raman spectra of different samples to reveal their structural ordering [5,
10]. First, in Figure 3a, the XPS spectra confirmed the increase of Mn3+ content in UC700-10, which was higher than that of Fe-700-10. The XRD patterns in Figure S5 show
no impurity phase in UC-700-10 but Fd-3m cubic spinel phase, and a lattice parameter
can be derived as 8.1763 Å, which was smaller than that of Fe-700-10. For the Ni 2p core
levels in Figure S6, no significant differences were observed due to the stability of Ni
cations at the 16d site.

Figure 3. (a) XPS spectra of Mn 3p core levels of UC, UC-700-10, and Fe-700-10; (b)
Raman spectra of UC, UC-700-10/10s, and Fe-700-10/10s fresh electrode discs; (c) a
scheme describing Fe doping in LMNO after FeOx ALD and post-annealing and
distribution of Mn4+/Mn3+ in Fe-doped LMNO after post-annealing.

In Figure 3b, the Raman spectra of UC showed well-resolved peaks, which was a
fingerprint of an ordered P4332 spinel phase of LMNO [5, 10]. After annealing, the UC700-10 exhibited weaker peaks due to reduction of structural ordering. However, slowly
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cooled UC-700-10s exhibited recovery of an ordered spinel phase. As for Fe-700-10, the
intensities of all peaks significantly dropped, indicating a low ordering; however, slowly
cooled Fe-700-10s had little difference from Fe-700-10. It is also worth noting that peaks
at ~639 cm-1 were attributed to Mn4+-O stretching vibration in an octahedral MnO6 group,
which shifted from ~639 cm-1 of UC to ~636 cm-1 of Fe-700-10, indicating lowered
symmetry due to the occupation of Fe3+ or Mn3+ at the octahedral 16d site.
Structural disordering of LMNO is closely related to Mn3+ content, as shown by
UC-700-10 and UC-700-10s; by comparing Fe doping in Fe-700-10 and Fe-700-10s, it
can be also concluded that Fe3+ dopant can help lower the ordering without high Mn3+
content, though Mn3+ content in Fe-700-10 should still be higher than that in UC.
However, EELS (Figure 1e) results indicated that a Mn4+-rich region was formed in the
subsurface of Fe-700-10. The XPS spectra in Figure 3a also exhibited that Fe-700-10 and
UC had low Mn3+ content at the same level, in about a ~5 nm depth (which was within
the detect limit of XPS). Therefore, it can be interpreted that on the shallow surface (only
~4 nm depth), Fe tended to occupy the 8a site and lowered the Mn valence, as shown in
Figure S3c [41]; however, in the subsurface (~42 nm or deeper), Fe cations were located
at the 16d sites, which increased structural disordering of LMNO and kept the Mn
valence as Mn4+. A scheme has been shown in Figure 3c, and the high Mn3+ content in
the bulk of Fe-700-10 was confirmed later during electrochemical tests. It is commonly
known that Mn3+ in LMNO benefits Li+ transport due to increased structural disordering
[12], but it also acts as a trigger to Mn dissolution and Jahn-Teller distortion, especially
in the surface regions of LMNO particles. Fe3+ has a much lower possibility
ofundergoing Jahn-Teller distortion than Mn3+, and, therefore, the structure of Fe-doped
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LMNO should have higher stability than UC and UC-700-10. Meanwhile, better Li+
transport properties can be predicted for the modified LMNO.

3.2. ELECTROCHEMICAL PERFORMANCE
According to the abovementioned mechanism, the diffusion of Fe cations must be
affected by oxygen loss of LMNO during annealing and by oxygen recovery during
cooling. Therefore, at 700 °C, the annealing was performed for 1, 4, and 10 hours for a
comparison of electrochemical performance, which is shown in Figure 4 and Figure S7.
The lattice parameters in Figure 4 were derived from XRD patterns in Figure S7a, which
shows increased lattice parameters as annealing time increased; however, the Fe-700-4
delivered a higher total specific capacity (numbers noted in the figure) and a higher
capacity contributed by Mn4+/Mn3+ redox reaction (in the voltage range of 3.5-4.3 V)
than those of Fe-700-1 and Fe-700-10. One reason could be that Fe doping went deeper
for a longer annealing time, and active Li+ and Mn3+ cations may be substituted by
electrochemically inactive Fe cations, so the capacity decreased. In previous

Figure 4. Lattice parameters and percentages of capacity provided by Mn4+/Mn3+
redox reactions (3.5-4.3 V), compared to the whole specific capacity, for postannealed LMNO after FeOx ALD for different lengths of annealing time (1, 4, and 10
hours). The specific capacity of each sample was also noted in the figure.
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characterization and discussion (Figure 3), we found Mn valence was +4 in the
subsurface, while the high ratio of capacity from Mn4+/Mn3+ redox reaction in Figure 4
also confirmed high Mn3+ content in the annealed Fe-doped LMNO; therefore, the
increase in disorder and Mn3+ content could be postulated to exist in the bulk of LMNO.
In Figure S7c, the Fe-700-10 exhibited a higher normalized capacity, suggesting a better
conductivity due to deeper Fe doping. Meanwhile, we still observed a lower specific
capacity and a lower capacity retention in Figures S7b and S7d. Even though Fe doping
enhanced the conductivity of LMNO, the overall amount of substitution of active cations
by Fe would neutralize the beneficial effects. Based on this series of results, Fe-700-4
demonstrated the best performance among post-annealed Fe-doped LMNO samples.
Electrochemical performance was further investigated. As shown in Figure 5, we
focused on the performance of UC, UC-700-4, Fe-700-4, and Fe-700-4s to unveil the
effects of valences of transition metals, since the Fe-700-4 exhibited a better
electrochemical performance than Fe-700-10 did, as shown in Figure S7. The discharge
behavior of each sample, as shown in Figure 5a, doesn’t exhibit a significant difference in
the capacity between 4.5 V and 4.9 V, which corresponded to the redox reactions of
Ni4+/Ni2+. As for the capacity contributed by Mn4+/Mn3+ redox reaction (at ~4.0 V), Fe700-4 delivered the highest capacity below 4.5 V. A differential capacity plot in Figure
5b shows that Fe-700-4 had a maximum split between Ni4+/Ni3+ and Ni3+/Ni2+peaks and a
highest Mn4+/Mn3+ peak at ~4.0 V. These features suggest a higher amount of Mn3+ and
structural disordering existed in Fe-700-4 than in the other three samples. GITT was
performed to investigate the Li+ transport behavior of each sample.
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Figure 5. (a) Discharge curves of UC, UC-700-4, Fe-700-4s, and Fe-700-4 at a 0.1C rate
at room temperature with inset figure for magnification at 4.6-4.9 V; (b) differential
dQ/dV plots corresponding to Figure 5a with inset figure for magnification at 3.6-4.4 V;
Li+ diffusion coefficient plots vs. voltages (at 4.6-4.85 V) of UC, UC-700-4, Fe-700-4,
and Fe-700-4s during (c) charge and (d) discharge; cyclic performance at a 1C rate for
500 cycles of charge-discharge at (e) room temperature and (f) 55 °C; cyclic performance
at different C rates (0.1C, 0.2C, 0.5C, 1C, 2C, and 5C) at (g) room temperature and
(h) 55 °C.
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In Figures 5c and 5d, the Li+ diffusion coefficients were calculated based on the
GITT results in Figure S8 (with the calculation process discussed in Supporting
Information). Due to the main redox reactions of Ni4+/Ni2+ providing the most capacity,
we focused on the coefficient between 4.6 V and 4.85 V. It can be observed that the DLi+
of Fe-700-4 increased more than 100 times than that of UC. The higher DLi+ of UC-700-4
than that of UC can be attributed to a higher Mn3+ content and disordered phase. For Fe700-4s, Fe doping contributed to disorder of spinel structure even with a slow cooling
rate, which has been discussed in Figure 3. However, the lower capacity of Mn4+/Mn3+ of
Fe-700-4s than that of Fe-700-4 indicated that the natural cooling rate rendered a higher
disorder than a slow cooling rate did, which was beneficial to the electrochemical
performance, as shown in Figure 5.
The cyclic stability and rate capability of each sample are shown in Figures 5e to
5h. At room temperature and 55 °C, cyclic tests at a 1C rate for 500 cycles and different
C rates were performed. Fe-700-4 delivered an initial capacity of ~97.9 mAh g-1 with a
capacity retention of ~93.5% at 1C and room temperature, and ~121.9 mAh g-1 with
~86.1% at 1C and 55°C after 500 cycles of charge/discharge. The capacity increase at 55
°C could be due to a higher conductivity of cathodes and electrolyte at a higher
temperature, although the elevated temperature also resulted in more severe side reactions
[50]. In different C rate tests, an increase in capacity was also observed after elevation of
the test temperature. At a 5C rate, a capacity of ~65 mAh g-1 was achieved for Fe-700-4
at room temperature and a capacity of ~73 mAh g-1 at 55 °C. By comparing the
performance of Fe-700-4 with that of UC-700-4, we can imply the importance of Fedoping on the performance of LMNO.
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Figure 6. Electrochemical impedance spectra of (a) UC and (b) Fe-700-4 after different
cycles of charge/discharge (i.e., 0th, 250th, 500th) at a 1C rate and 55°C; (c) plots of Rf and
Rct vs. cycle numbers. The inset figure in Figure 6a is the model used to fit the EIS data.

During cyclic tests at the 1C rate and 55°C, EIS tests were performed at the 0th,
250th, and 500th cycles. The coin cells were fully discharged and rested for about 2 hours
until open circuit voltage became stable at ~3.9 V. Nyquist plots of UC and Fe-700-4 are
shown in Figures 6a and 6b, respectively. A fitting model was used, as shown in the inset
figure in Figure 6a. Rohm represents ohmic resistance related to the resistance of
electrolyte and separator. The two semicircles were fitted by film resistance (Rf) and
charge transfer resistance (Rct) with constant phase elements (CPEf and CPEct,
respectively), which were used to characterize resistance of the surface layer of LMNO
and the activity of charge transfer reactions at a certain voltage, respectively. The Ws
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stands for the Warburg element that arose from Li diffusion in the LMNO bulk. The Rf
and Rct were plotted in Figure 6c. At the 0th cycle, the coin cells were tested after
formation, and Fe-700-4 showed lower Rf and Rct than those of UC. During the cyclic
tests, the Rf increased gradually for Fe-700-4, indicating growth of a solid permeable
interface (SPI) layer. However, the Rct exhibited a decreasing trend, which could be
related to structural rearrangement during electrochemical reactions. A further
investigation of the surface of Fe-700-4 after cyclic tests was performed by XPS, as
shown in Figure S9. The XPS spectra of Fe-700-4 at F 1s and P 2p core levels exhibited
lower intensities at ~685 eV and ~134.5 eV, respectively, indicating that fewer F and P
elements existed on the surface of the cycled Fe-700-4 cathode. Since these F and P
elements mainly come from the decomposition of electrolyte salt, LiPF6, the lower
amount of Fe-700-4 than that of UC suggested suppression of this side decomposition
reaction. As for UC, Rf significantly increased from the 250th to the 500th cycle, and Rct
also became higher after a decrease trend in the first 250 cycles. In Figure 4f, the instable
cyclic behavior of UC can be explained by its EIS results.

Figure 7. (a) XRD patterns and (b) Raman spectra of UC and Fe-700-4 samples,
including as-prepared fresh electrode discs and cycled electrode discs after 500 cycles of
charge-discharge at a 1C rate and room temperature.
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In Figure 7, the structural evolution was investigated for fresh and cycled cathode
discs using powder XRD and Raman spectroscopy. In a range of 30°-70°, distinctive
shoulder peaks for cycled UC were noted due to the formation of an electrochemically
inert rock-salt phase during cyclic tests. For Fe-700-4, no significant change was
observed, except for an increase in peak intensities, indicating that a higher crystallinity
was gradually formed, with a structural rearrangement, during repeated Li+
intercalation/de-intercalation. A decrease of Rct in EIS tests could also be attributed to
this phenomenon. In Raman spectra, as shown in Figure 7b, we observed the same trend
from fresh Fe-700-4 to cycled Fe-700-4. However, UC showed a decrease in intensities
on each Raman shift. The change of UC cathode particles may be attributed to the
formation of the rock-salt phase.

4. CONCLUSIONS

In this work, Fe cations were found to be doped into LMNO during the FeOx
ALD process. The reason could be related to oxygen loss and structural evolution due to
the reaction temperature and vacuum environment in the ALD chamber. With postannealing, the structure of LMNO was refined and Fe cations were further deeply doped
into the bulk of LMNO. With optimization of annealing conditions, the Fe doping
positively impacted the performance of LMNO on its Li+ transport properties and cyclic
stability. Various characterizations exhibited a Mn4+-rich subsurface for the Fe-doped
LMNO, which contributed to the stability of the cathodes, while a Mn3+-rich bulk and Fedoping should give rise to a facile Li+ transport. In this ALD doping process, a well-
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adjusted dosing and flushing steps played an important role that affected the doping of
dopant cations.
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SUPPORTING INFORMATION

Figure S1. Scanning electron microscopy images of (a, b) UC, (c, d) Fe-AP, and (e, f) Fe700-10 fresh particles in different magnifications showing the changes of morphologies
due to ALD coating and post-annealing.
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Figure S2. Thermogravimetric analysis (TGA) of Fe-AP. The conditions of TGA were
ramping at 10 ºC min-1 to 900 ºC and cooling down naturally with an air flow of 100 mL
min-1.

In Figure S2, the initial weight drop could be due to the removal of adsorbed
water. Until ~250 ºC, the weight gradually increased, which could be related to the
oxidizations of Fe(II) to Fe(III) and Mn(III) to Mn(IV). A weight percentage of Fe was
3.78 wt.% in LMNO after FeOx ALD according to inductively coupled plasma atomic
emission spectroscopy (ICP-AES) measurement. In Figure S2, there was ~4.26 wt.%
increase for Fe-AP from start of heating to the end of cooling, which was higher than the
expected value of 3.78 wt.% when Fe(II) in Fe-AP was oxidized to Fe(III). Oxygen nonstoichiometry can be estimated to be ~0.45 (LiMn1.5Ni0.5O3.55) from the TGA results.
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Figure S3. (a) High-resolution transmission electron microscopy (HR-TEM) image of Fe700-10 and (b) corresponding electron energy loss spectra (EELS) with a measured step
increase in depth every 4 nm, from the surface to bulk, along the direction of the arrow,
and (c) intensity ratio of Mn L3/L2 edge along the arrow.

Figure S4. XPS spectra of Fe 2p core levels of (a) Fe-AP and (b) Fe-700-10 particles.
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Figure S5. XRD patterns of uncoated LMNO and that with heat treatment at 700 °C for
10 hours. The reference of Fd-3m (ICDD # 010-080-2162) is included for comparison.

Figure S6. XPS spectra of Ni 2p core levels of UC, UC-700-10, and Fe-700-10 sample
particles.

Figure S7. (a) XRD patterns; (b) cyclic performance of Fe-700-1, Fe-700-4, and Fe-70010 at different C rates, and (c) corresponding normalized capacity; (d) cyclic stability at a
2C rate for 1,000 cycles of charge-discharge at room temperature.
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Figure S8. Galvanostatic intermittent titration technique (GITT) results of (a) UC, (b)
UC-700-4, (c) Fe-700-4, and (d) Fe-700-4s.

In Figure S8, the GITT was performed for UC, UC-700-4, Fe-700-4, and Fe-7004s to estimate the Li+ diffusion coefficient. The calculation is based on the Fick’s second
law of diffusion, and a derived equation has been shown as follows,3
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where DLi+ is the Li+ diffusion coefficient, and mB and MB are mass and molar mass of
sample particles. VM is molar volume of LMNO, which was derived from XRD patterns.
L is the thickness of the cathode, which was measured using a digital micrometer. A is
the projected area of cathode discs, 0.71 cm2.
Equation (1) is further simplified with a sufficiently small current (0.05C rate)
that is applied for short time intervals (30 minutes for charge/discharge vs. 4 hours for the
rest). As the simplified mode allows dE/dτ to be considered as linear, Equation (1)
becomes
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The molar volume VM is assumed to be stable during repeating
insertion/extraction of Li+. τ denotes the duration of current pulse, and ΔEs and ΔEτ
represent the difference of steady-state voltages due to current pulse and voltage change
during current pulse, respectively.

Figure S9. XPS spectra of (a, c, e, g) Fe-700-4 and (b, d, f, h) UC after 500 cycles of
charge-discharge at a 1C rate and 55°C.
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XPS was performed on the cycled cathode discs of UC and Fe-700-4 to
investigate the features of SPI layer and the surface of LMNO. Figure S9 shows core
levels that can be used to investigate the states of the SPI layers on the surfaces of
cathodes. One of the main components in a SPI layer is the carbon-based organic
compound, which can be interpreted from C 1s core levels. However, UC and Fe-700-4
didn’t exhibit an obvious difference, indicating that the carbon-based organic compounds
of these two samples were very close to each other. In Figures S9c and S9d, the F 1s core
levels exhibited the evolution of LiPF6 in electrolyte to LiF and LiPOF5. The
deconvoluted peaks at ~685 eV correspond to F in LiF, and UC exhibited a much higher
intensity than that of Fe-700-4, due to a higher amount of LiF in the SPI layer of a cycled
UC cathode. For O 1s core levels, the peaks at ~529.7 eV is related to the metal-O bonds
of cathode particles (i.e., Mn-O, Ni-O, Li-O, and Fe-O). Since XPS has a limited depth of
detection, this peak in O1s core level is usually used to characterize the thickness of a SPI
layer for metal oxide cathode materials. It was found that Fe-700-4 has a thicker SPI
layer than UC by comparing the intensity of metal-O peak, and a higher intensity was
also found for the peak of Fe-700-4 at ~531.9 eV, which could be related to the -OH
bond of organic compounds and Li2CO3 in the SPI layer. In Figures S9g and S9h, the P
2p core level showed at ~134.3 eV related to electrolyte degradation products, such as
LiPOF5 and P2O5. The lower intensity of Fe-700-4 suggests a suppressed electrolyte
degradation, compared to UC. In Figure 6, the EIS tests exhibited a lower Rf of Fe-700-4
than that of UC, suggesting lower resistance of surface layer of Fe-700-4 after cycling.
However, XPS results implied that a thicker SPI layer had grown on the surface of Fe700-4. Since the working voltage of LMNO was ~4.7 V, higher than the stable window
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of electrolyte (~4.5 V), electrolyte species will be easily oxidized unless an inert layer
(SPI layer) hindering direct contact between cathode surface and electrolyte. The less LiF
and electrolyte degradation were found for the Fe-700-4 cathodes, indicating the thick
SPI layer inhibited electrolyte degradation, whereas the electrolyte species degradation in
coin cells of UC was more severe than those of Fe-700-4 and led to a higher amount of
LiF and LiPOF5 and increase of resistance Rf when a battery is working.
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ABSTRACT

Development of high-voltage cathodes is very important to meet demand of high
energy and power density for next-generation Li-ion batteries. LiMn1.5Ni0.5O4 (LMNO),
as one of the most promising high-voltage cathodes, is still challenged by unstable
surface chemistry as well as voltage degradation, metal dissolution, and structure
transition during cycling. In full cell configuration, the cross-talking between LMNO and
anode can also lead to parasitic reactions that cause capacity degradation and low
coulombic efficiency. In this work, we proposed a Fe surface doping combined with
porous structure that was able to improve surface and structure stability of LMNO in
half/full cells, and to reduce parasitic reactions on anode in full cells. Fe surface doping
was realized by iron oxide thin film coating on LMNO particle surface by atomic layer
deposition, followed by annealing. The occupation sites and doping depth of Fe cations
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were tuned by selecting a proper annealing temperature. The amount of Fe doping and
annealing temperature were optimized. The optimal Fe-doped LMNO achieved a
capacity retention of 98.1% after 200 cycles of charge/discharge in a full cell using
Li4Ti5O12 as an anode.

1. INTRODUCTION

Demand for Li-ion batteries with high energy and power densities keeps
increasing as the market of electric vehicles develops. LiMn1.5Ni0.5O4 (LMNO) is
considered as a competitive next-generation Li-ion battery (LIB) cathode due to its high
operation voltage of ~4.7 V (vs. Li+/Li) enabled by the Ni4+/Ni2+ redox reactions.
Utilization of high-voltage cathode is an effective way to improve power density without
a necessary increase of current density, and LMNO also exhibited high theoretical
capacity (147 mAh g-1) and excellent conductivity. 1-6 However, LMNO suffers from
capacity fading and operation voltage decay, which stem from a series of surface and
structure issues. At a highly delithiated state, inert secondary phase may form on the
surface of LMNO, inhibiting Li and electron transportation,7 and oxidized Ni4+ on the
LMNO surface will induce electrolyte oxidation.5, 8 Existence of Mn3+ can benefit Li+
transport in LMNO, but also triggers Mn dissolution due to disproportional reaction
(Mn3+ →Mn2+ + Mn4+). It is crucial to understand and improve the surface and structure
degradation of LMNO for its practical applications.
Surface coating and bulk doping are commonly applied to address the degradation
of electrochemical performance of LMNO.9-19 Manipulation of artificial interface layer
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on the cathode is aiming to prevent direct contact between active cations (e.g., Ni4+) and
electrolyte, scavenge side products (e.g., trace HF),2 and assist formation of stable
cathode electrolyte interface.20-21 For bulk doping, substitution of active cations and
preoccupation of Li sites can help stabilize the structure, suppress growth of secondary
phase, and improve Li+ transport.7, 17, 22 By combining the above-mentioned two methods,
a surface doping method recently drew attention as it inherited advantages of coating and
doping methods.20, 23-30 Normally, the surface of LMNO was tailored by coating
precursors (such as precipitations and films), followed by post annealing, which induced
inter-diffusion between coatings and structure of LMNO and then formation of a surfacedoped phase.17, 20, 24, 26, 29 It is crucial to regulate the surface-doped phase and occupation
of dopants for the performance enhancement of LMNO. However, the reports in this area
are still limited so far. Moreover, porous structure that formed in the bulk of LMNO was
proposed as an effective way to support facile Li-ionic and electronic transport and
improve structure stability that induced by imbalance of Li cationic and electronic
distribution.26, 29
Our previous work applied FeOx atomic layer deposition (ALD) and postannealing to achieve Fe doping on LMNO and investigated different annealing conditions
to achieve an optimal performance of LMNO. A mechanism of Fe diffusion in LMNO
was deduced, which helped us control the doping depth and occupation sites. In this
work, a surface-to-bulk diffusion doping was further investigated on Fe-doped LMNO,
combined with a formation of porous structure. By controlling annealing temperatures,
two scenarios of Fe diffusion occurred in different depths. In addition, the occupation
sites of Fe cations in the structure of LMNO also varied from each other. A full cell
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configuration was deployed using Li4Ti5O12 (LTO) as an anode, to investigate the crosstalking interaction between LMNO and LTO. After 200 cycles of charge/discharge, the
optimal Fe-doped LMNO delivered 97.6% of initial capacity of 114.8 mAh g-1 in a
LMNO-LTO full cell at a 0.5C rate and room temperature, compared to 74.9% of 100.8
mAh g-1 for pristine LMNO. The excellent performance was resulted from the stabilized
structure, improved Li ion transport, and suppressed electrolyte degradation.

2. EXPERIMENTAL SECTION

2.1. MATERIAL PREPARATION
LiMn1.5Ni0.5O4 (LMNO) particles were purchased from NEI Corp. The particle
sizes were 2~5 μm. A heat treatment of the as-purchased LMNO was performed at 700
°C for 1 hr in order to achieve a disordered Fd-3m structure for a uncoated LMNO with
better performance. Iron oxide ALD on LMNO was performed using a home-made
fluidized bed reactor, as described in detail in our previous work. FeOx is used to
represent iron oxide, since we do not know the exact valence state of Fe. Ferrocene and
pure oxygen were used as precursors for FeOx ALD. The reactor chamber was kept at
450 °C, and ferrocene was evaporated at 115 °C and carried by N2. N2 was also used as a
flush gas, so the chamber maintained at a pressure of ~3500 mTorr during precursor dose
and inter gas flush steps. An evacuation step was applied after that. 40 cycles of FeOx
ALD was applied on the surface of LMNO. After FeOx ALD, the coated cathode particles
were annealed in air at 650 °C (Fe650) or 700 °C (Fe700) for 4 hr with a controlled
cooling rate of 3 °C/min.
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2.2. MATERIAL CHARACTERIZATION
X-ray absorption spectra (XAS) were collected in the 9-BM source at Argonne
National Lab, including X-ray absorption near-edge structure (XANES) and extended Xray absorption fine structure. X-ray diffraction (XRD) was carried out using a Philips
X’Pert multipurpose diffractometer with a CuKα radiation and a scan rate of 0.67° min-1.
X-ray photoelectron spectroscopy (XPS) was measured using Kratos Axis 165 through an
introduction of AlKα radiation at 150 W and 15 kV. High-resolution transmission
electron microscopy (HRTEM) was performed in Electron Microscopy Core facility of
University of Missouri, Columbia, with FEI Tecnai F30 operated at 300 keV equipped
with a Quantum Gatan image filter (GIF). A focused ion beam cutting using FEI Scios
DualBeam FIB SEM was performed on the Fe650 to get sample for cross-sectional view
by TEM. Thermogravimetric analysis (TGA) was performed in an air atmosphere with a
flow rate of 100 sccm.

2.3. ELECTROCHEMICAL TESTS
The electrodes were prepared by mixing active materials, carbon black (Super-P
conductive carbon, Alfa Aesar), and polyvinylidene fluoride (PVDF, Alfa Aesar) at a
weight ratio of 8:1:1 in a solvent of N-methyl pyrrolidone (NMP, Sigma Aldrich). The
formed slurry was cast on an Al foil with a doctor blade and dried first in air at 80 °C for
5 min and then in vacuum at 120 °C overnight. The dried electrodes were punched into
round discs for assembly of CR2032 coin cells. Areal loading of cathode was ~3.5 mg
cm-2. Coin cells were assembled in an Ar-filled glovebox. Full cell assembly was
conducted with modified LMNO cathodes and pristine LTO anodes. The areal active
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material loading of LMNO to LTO was adjusted to 1:1.2. The preparation of LTO anodes
used the same procedure as that of LMNO cathodes. In the coin cells, a Celgard 2320
separator was used, and two droplets of LiPF6 solution (1M LiPF6 in ethyl carbonate
(EC)/dimethyl carbonate (DMC) (v:v=1:1), Sigma Aldrich) were added on both sides of
the separator. For half cells, Li metal was used as a counter electrode.
Galvanostatic tests were conducted using a Neware battery test station. The cutoff
voltages for half cells and full cells were 3.5 to 5.0 V and 2.0 to 3.5 V, respectively. The
current rate was 1C = 147 mAh g-1 for both half cells and full cells. Electrochemical
impedance spectroscopy (EIS) was carried out using a Bio-logic SP-150 instrument in a
frequency range of 1 MHz to 10 mHz with an excitation signal of 5 mV around opencircuit voltage of the cells. After acquiring the data, EC-Lab software was used to fit the
results. The disassembly of full cells was conducted in an Ar-filled glovebox. DMC was
used to rinse and flush the electrode surface to remove any residual soluble salt.

3. RESULTS AND DISCUSSION

After particles were coated with ALD thin films followed by annealing, XRD was
performed first to investigate their crystallographic information, as shown in Figure 1.
The samples can be indexed to a Fd-3m spinel phase without any secondary phase
observed. The peak positions of Fe650 and Fe700 shifted to a lower degree, suggesting
increased lattice parameter of cubic spinel phase due to Fe-doping. Ratios of intensities of
(311)/(400) peaks normally indicate heavier metal cations (than Li in LMNO) occupation
at 8a site in a Fd-3m phase; this ratio can be calculated for Fe650 and Fe700, which were
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1.22 and 1.16, respectively; the weak (220) peaks for Fe700 and Fe650 could also be
observed. All these clues indicated small fraction of heavier transition metal (TM) cations
located at tetrahedral Li (8a) sites. According to the crystal field theory, the octahedral
site preference energies (OSPEs) were 0Δo, -0.13Δo, -0.84Δo, -0.42Δo, and -0.84Δo for
Fe3+, Fe2+, Mn4+, Mn3+, and Ni2+, respectively, suggesting that Fe3+ had the highest
possibility occupying tetrahedral 8a sites among 3d-metal cations. 31

Figure 1. X-ray diffraction of uncoated LMNO (UC), Fe650, and Fe700 particles.

In Figures 2a and b, the cross-sectional STEM-HAADF images show porous
feature of Fe650 particles and a solid core in the bulk. Several cores can be observed in
Figure 2a, as pointed out with arrows. The porous parts were located between these cores
and connected these cores like a network. The importance of porous cathode particles has
been investigated by Song et al., who reported that the porous structure benefited rate
capability of the cathode due to improved Li diffusivity.32 The distribution of Li cations
commonly remained as isotropic gradient in a spherical solid particles, whereas a more
even distribution can be observed for porous structure. The formation of network benefits
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Li-ion transport through multi-channels, unstrains the limitation of electronic gradient for
the Li-ionic transport, and addresses the instability of structure due to the imbalance of Li
distribution in the structure. In Figures 2c and d, the HRTEM images didn’t exhibit any
lattice distortion after formation of porosity in the structure. The lower crystallinity size
acquired from XRD results should be also explained by the porous structure. The porous
structure may originate from oxygen loss during FeOx ALD process of LMNO. The gas
evolution during ALD left pores in the particles without fully retaining its solid
structures.

Figure 2. (a, b) Cross-sectional STEM-HAADF images and (c, d) HRTEM images of
Fe650 particles.
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Figure 3. (a) XANES results of Fe700 and 650 with reference spectra of α-Fe2O3 and
Fe3O4 at Fe K-edge. (b) Pre-edge regions of Figure 2a at high magnification. (c) Fourier
transform magnitude of k2-weighted EXAFS results of Fe K-edge.

Valence states and occupation sites of Fe cations in LMNO were investigated
using XAS. Figure 3a shows that the valences of Fe were mostly Fe3+ in Fe700 and
Fe650 according to the main edge positions. The pre-edge regions were magnified and
subtracted by a background in Figure 3b. It is interesting to find that Fe700 can be
deconvoluted using α-Fe2O3 and Fe3O4 references. In α-Fe2O3, Fe cations all have a
coordination number of 6 as octahedra; for the inverse spinel Fe3O4, it can be written as
(Fe3+)tetrahedra(Fe2+Fe3+)octahedraO4, where 1/3 of Fe occupies tetrahedral sites and 2/3 of Fe
occupies octahedral sites. The deconvolution of Fe700 indicates the occupation of Fe in
LMNO were mostly octahedra 16d sites. After LMNO was annealed above 700 °C and
naturally cooled, there will be a reduction of small fraction of Mn4+ to Mn3+ to
compensate emerged oxygen defect in this material. However, the existence of Fe3+ will
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play the same role of Mn3+ for compensation. The spectrum of Fe650, however, exhibits
a different feature. The strong intensity of Fe650 pre-edge, compared with that of Fe3O4,
stemmed from 1s to 3d dipole-allowed transition of an asymmetric tetrahedral Fe cations.
With different annealing temperature, the XANES results indicated that Fe cations tended
to occupy tetrahedral sites with a higher possibility at 650 °C than those at 700 °C.
Compared with Fe doped at octahedral sites, the preoccupation of Fe cations could
benefit the structural stability of surface and subsurface of LMNO during repeated
cycling.7
In Figure 3c, the EXAFS was performed to investigate the interatomic bonding
information. The first shell at ~2 Å was correlated to Fe-O bond, where split peak of
Fe700 indicated distorted Fe-O bond due to the existence of oxygen defect after postannealing. The lower post-annealing temperature of Fe650 led to a weaker oxygen loss
than Fe700 did, and thus no obvious distortion of Fe-O bond. The second and third shells
ended at ~3.5 Å were corresponding to Fe-TM bonds, which were Feoct-TMoct bond for
the second shell and Feoct-Fetet bond for the third shell. The intensity ratios of
second/third shells were 1.76 and 1.42 for Fe700 and Fe650, respectively, indicating a
higher preference of Fe occupation at octahedral sites in Fe700.
Ex situ XRD patterns were measured at different stoichiometries of Li in
LixMn1.5Ni0.5O4 to show the change of structures at different state of charge (SOC) of
LMNO. An ordered LMNO will undergo a two-phase transition during Li
intercalation/de-intercalation, however, with incorporation of disordering, LMNO will
exhibit single-phase solid-solution reactions.3, 33
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Figure 4. Ex situ XRD patterns of (a-c) UC, (d-f) Fe700, and (g-i) Fe650 at different
delithiated states of LMNO. The Li0.2-1 indicates nominal concentration of Li in LMNO,
estimated from the charge/discharge at a 0.1C rate.

XRD is a powerful tool to study its structure change during charge/discharge. In
Figure 4a-c, peaks shifted to a lower degree due to Li intercalation, whereas the shift was
not observed between Li0.5 and Li0.8. As Li0.5 was intercalated to Li0.8, structure remained
at one phase; while from Li0.8 to Li1, the structure transferred to another phase, which
corresponded to the two-phase transition.3 For Fe700 (in Figures 4d-f) and Fe650 (in
Figures 4g-i), the peaks kept shifting as Li intercalation due to single-phase solid solution
reactions.3 Fe-doping will increase randomization of transition metal sites at 16d sites,
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and therefore increase the disordering of structure of LMNO. With increase of
disordering, solid solution behavior of LMNO during charge/discharge will benefit its
structure stability as it inhibited interparticle strain of two-phase transition.3, 33 This solid
solution behavior should be attributed to increase of disordering of structure after Fe
doping and formation of porous structure.

0.1C 0.2C

0.5C

0.1C
1C
2C
5C

Figure 5. (a) Voltage profiles of UC, Fe700, and Fe650 at a 0.1 C rate, (b) Li+ diffusion
coefficient and IR drop of UC, Fe700, and Fe650, (c) Discharge capacity of UC, Fe700,
and Fe650 half cells at different C rates (0.1C, 0.2C, 0.5C, 1C, 2C and 5C, 3 cycles for
each C rate). (d) Discharge capacity of UC, Fe700, and Fe650 at a 1C rate for 500 cycles
of charge/discharge.

In Figure 5a, Fe-doped LMNO delivered a higher capacity than UC did, which
should be attributed to the improvement of charge/discharge kinetic. This improvement
was resulted from increase of electronic conductivity 34 and structure disordering of
LMNO. These features should be closely related to the depth of Fe doping. Li+ diffusion
coefficient exhibited a slight decrease of Fe650 compared to that of Fe700, since Fe
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doping in Fe700 was deeper. However, in Figure 5c, the rate capability of Fe650 was
better than that of Fe700. This may be attributed to the cyclic stability as shown in Figure
5d. With repeated charge/discharge, there should be capacity degradation of Fe700,
especially affecting the performance at high C rates, therefore, Fe700 had lower
capacities than those of Fe650 at 2C and 5C rates. In Figure 5d, Fe700 had a higher initial
capacity of 118.2 mAh g-1 than 114.4 mAh g-1 of Fe650, but a lower capacity retention of
77.1% for Fe700 than 87.4% of Fe650 after 1,000 cycles of charge/discharge. The
coulombic efficiencies corresponding to Figures 5c and 5d are shown in Figure S2.
Though Fe doping facilitated Li+ transport and stabilize LMNO structure, the cyclic
stability of Fe700 was still not satisfactory.

Figure 6. (a) Discharge capacities and coulombic efficiencies of UC, Fe700, and Fe650 in
a LMNO-LTO full cell at a 0.5C rate for 200 cycles of charge/discharge. Voltage profiles
of (b) UC, (c) Fe700, and (d) Fe650 in the LMNO-full cell at 1st, 25th, 50th, 75th, 100th,
150th, and 200th cycles (along with direction of arrows) during charge/discharge at a 0.5C
rate.

To further understand the doping effect and depict the effects that LMNO brought
about to anode side, full cell using LTO as anodes was tested. LTO is considered as a
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stable anode as its voltage range (~1.55 V vs. Li+/Li) doesn’t surpass voltage window of
electrolyte stability,35-36 but oxidation of electrolyte will still occur on the LMNO surface
due to its high operation voltage, and the parasitic reactions, such as Mn dissolution, loss
of cyclable Li+, formation and deformation of inert layer on the surface may trigger a
series of degradation of capacity and eventually cause failure of the Li-ion cells. In
Figure 6a, the LMNO-LTO full cells were tested at a 0.5C rate and room temperature.
The full cells were assembled as cathode-limited ones, which means the loading of
cathode was lower than that of anode. The average coulombic efficiencies were ~99.5%
as shown in Figure 6. In the first 120 cycles, Fe700 delivered a higher capacity than that
of Fe650, however, the capacity then decreased quickly. The capacity retentions of UC,
Fe700, and Fe650 after 200 charge/discharge cycles were 74.9%, 85.2%, and 97.6%,
respectively. In order to investigate the capacity degradation, voltage profiles as cycling
proceeding were plotted in Figures 6b-d. Capacity fading of both UC and Fe700 was
accompanied with the increase of overpotential, which indicated the build-up of internal
resistance, but Fe650 remained a high capacity retention due to low internal resistance
after 200 cycles of charge/discharge. After the cyclic tests at a 0.5C rate, one cycle at a
0.1 C rate was performed for each coin cells, and the voltage profiles were shown in
Figure S2. The retentions were 78.6%, 91.2%, and 98.1% for UC, Fe700, and Fe650,
respectively, which coincided with the performance at a 0.5C rate. In Figure S2, the
plateau at ~4.1 V were disappeared for UC and Fe700, but not for Fe650. Aktekin et al.
reported that such phenomena were ascribed to the interaction between dissolved species
in electrolyte and LTO anode in LMNO-LTO full cells, which caused loss of cyclable Li
ions.35

162
To check the change of surface of each electrode, the cycled coin cells were
dissembled and assembled into half cells with Li metal counter electrode, and the 1st
cycle of charge/discharge is shown in Figure S3. The reasons of capacity fading for
LMNO has been discussed in Figure 4, but for LTO, capacity loss was also observed for
each sample, and the rate of capacity loss was in the order of Fe700>UC>Fe650. Song et
al. reported that parasitic reactions occurred between LTO and electrolyte,37 and the
dissolution of transition metals from LMNO to LTO was also detrimental to cyclic
stability.35-36 Figure S3 shows increase of polarization after cycling for every electrode,
suggesting build-up of internal resistance, which however, should not be the only reason
that accounted for capacity degradation. Therefore, we performed EIS and XPS for the
cycled electrodes.

Figure 7. EIS of UC, Fe700, and Fe650 full cell for (a) LMNO cathodes and (b) LTO
anodes after 50 cycles of charge/discharge at a 0.5C rate in full cells. XPS spectra of (c)
Mn 2p and (d) O 1s core levels of LTO anodes after 50 cycles of charge/discharge at a
0.5C rate in full cells.
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Continuous build-up of internal resistance was measured by EIS in Figures 7a and
7b on the re-assembled half-cells after testing in Figure 6. In Figure 7a, the fitting model
is shown in the inset; and film resistance Rf describes the impedance of interface layers
and charge-transfer resistance, and Rct is related to charge-transfer between electrodes
and electrolyte, which will be affected by formation of inert phase on the surface of
active particles. Though the SEI/SPI layers may be affected due to reassembly, the
comparison of Rf and Rct should be still eligible to help us compare the contribution of
internal resistance from every component in full cells. The coin cells were charged to 5 V
and rested for ~3 hr before EIS testing. In Figure 7a, it was observed that Rf of UC and
Fe650 were 98 Ω and 116 Ω, respectively, which were lower than 136 Ω of Fe700.
Based on the XPS spectrum of O 1s core levels in Figure 7c, the thicknesses of
SPI layers were in the order of Fe700>Fe650>UC by comparing the ratio of intensities of
carbonate species and metal oxide peaks; this information from SPI thicknesses was
consistent with the Rf values measured by EIS. However, the contribution from Rf was
limited compared to that from Rct, which were 157 Ω, 69 Ω, and 68 Ω for UC, Fe700, and
Fe650, respectively. On the anode side, the differences of resistance of LTO anodes were
very close, so that this cannot explain the capacity retention during the cyclic tests.
Therefore, XPS was performed on electrodes dissembled from repeating coin cells. In
Figure 7c and d, the peaks at 528.5 eV, 530.5 eV, and 532 eV corresponded to Li2O, M-O
(e.g., Mn-O, Ni-O, and Ti-O) bonds, and carbonate species, respectively.37 Figure 7c
shows that O 1s core levels of Fe650 cathode have a lower carbonate species peak than
those of the other two, indicating that the SPI layer on the Fe650 surface was thinner.
This should be attributed to the suppression of electrolyte oxidation. In Figure S4a, the
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survey scans of LMNO cathodes show that atomic ratios of Mn to Ni were 40.1:59.9 for
UC, 39.3:60.7 for Fe700, and 46.6:53.4 for Fe650. The lower Ni ratio can reduce
electrolyte oxidation by Ni4+ during cycling, which explains the thinner SPI layer of
Fe650. In Figure 7d, the high intensity of Li2O peak for UC was related to the loss of
cyclable Li ions, which formed residual of Li2O on the surface of LTO. In contrast, the
stronger peaks of Ti-O at ~530.5 eV of Fe650 suggested a thinner SEI layer on the
surface of LTO. The Li2O residual on the LTO surface should be resulted from parasitic
reactions between dissolved transition metal cations in electrolyte and LTO, which led to
limited lithiation of LTO.35-36 In Figure S4b, atomic quantification was performed for Ni,
Mn, and Ti, which were 14.0% (Ni), 3.1% (Mn), and 82.9% (Ti) for UC, 17.1% (Ni),
3.7% (Mn), and 79.2 (Ti) for Fe700, and 11.5% (Ni), 2.1% (Mn), and 86.5% (Ti) for
Fe650, which indicates suppressed dissolution for Fe650. The XPS spectra in Figure S5
show C 1s core levels of LMNO (Figure S5a) and LTO (Figure S5b). There was no
significant difference for SPI layer of LMNO, as shown in Figure S5a, but the C 1s
spectrum of UC at LTO side exhibited an obvious pre-peak at ~283 eV that was related to
Li-C bond,37 suggesting residual Li on the surface of LTO.

4. CONCLUSIONS

In this work we investigated the effects of annealing temperatures at and below
sensitive 700 °C for LMNO after FeOx ALD, which achieved different doping scenarios
and formation of structure during annealing and cooling of Fe-doped LMNO. Since
annealing over 700 °C will cause oxygen loss and diffusion of Fe toward bulk of
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structure of LMNO, an annealing temperature of 650 °C was applied for the purpose of
surface Fe-doping in LMNO, and in the meanwhile, the annealing can help LMNO form
a porous structure, which facilitate ionic and electronic transport. The electrochemical
performance was highlighted with a specific capacity of ~122 mAh g-1 in a
LMNO(Fe650)-LTO full cell configuration and a capacity retention of 98.1% after 200
cycles of charge/discharge, which proved the potential of this method to push forward the
practical application of this high voltage Li-ion battery.
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SUPPORTING INFORMATION

Figure S1. Thermogravimetric analysis (TGA) of LiMn1.5Ni0.5O4 (LMNO) after FeOx
ALD and post-annealed at 650 °C (Fe650) and 700 °C (Fe700).

Figure S2. Voltage profiles and corresponding differential capacities of (a,b) uncoated
LMNO (UC), (c,d) Fe700, and (e,f) Fe650 full cells with Li4Ti5O12 (LTO) as an anode at
the 1st and the 201st cycle (after 200 cycles of charge/discharge at a 0.5C rate) at a 0.1C
rate.
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Figure S3. Voltage profiles of (a, c, e) LMNO and (b, d, f) LTO half cells obtained from
LMNO-LTO full cells of (a, b) UC, (b, c) Fe700, and (e, f) Fe650 that were dissembled
after 200 cycles of charge/discharge.

Figure S4. XPS survey scans of (a) LTO and (b) LMNO of UC, Fe700, and Fe650 after
200 cycles of charge/discharge in LMNO-LTO full cells.
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Figure S5. XPS spectra of C 1s core levels of (a) LMNO and (b) LTO of UC, Fe700, and
Fe650 after 200 cycles of charge/discharge in LMNO-LTO full cells.
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VI. COMPREHENSIVE STUDY OF Al- AND Zr-MODIFIED LiNi0.8Mn0.1Co0.1O2
THROUGH SYNERGY OF COATING AND DOPING

Yan Gao, and Xinhua Liang *
Department of Chemical and Biochemical Engineering, Missouri University of Science
and Technology, Rolla, Missouri 65409, United States

ABSTRACT

LiNi0.8Mn0.1Co0.1O2 (NMC811) is one of the most promising Li-ion battery
cathodes for next-generation electric vehicles. Enrichment of Ni cations in NMC811
enables its high capacity and energy density, but in the meanwhile triggers instability of
cyclic performance and shortens its lifespan. To improve cyclic stability of NMC811, we
studied and compared properties of Al and Zr as coating and doping materials for
modification. Al2O3 and ZrO2 thin films were conformally coated on the surface of
NMC811 particles by atomic layer deposition, followed by a post-annealing of coated
NMC811 at 750 ℃ for uniform surface-doping. The element doping was verified by
transmission electron microscopy and X-ray photoelectron spectroscopy. Both Al and Zr
modification improved the electrochemical performance of NMC811. NMC811 with Al
modification showed better stability but with sacrifice of capacity; the capacity of Zrmodified NMC811 was only slightly reduced, and Zr-doping facilitated Li+ transport.
The variation of improved performance should be attributed to stabilization of surface
structure by Al-surface modification and suppressed lattice collapse of NMC811 by Zr
doping.
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1. INTRODUCTION

Ni-rich LiNi0.8Mn0.1Co0.1O2 (NMC811) is considered as a next-generation Li-ion
battery (LIB) cathode material powering electric vehicles, owing to its high specific
capacity (>200 mAh/g), high average voltage (~3.8 V), and low cost (compared with
LiCoO2). However, its application is still restricted due to significant capacity fading and
poor thermal characteristic. The reasons of degradation lie in the facts that active Ni4+
cations form on the surface at high delithiated state and readily convert active layered
structure to inert rocksalt phase [1, 2], parasitic reactions catalyzed by transition metals
on the cathode surface [3, 4], and the intrinsic structural instability due to H2→H3 phase
transition above ~4.1 V [5-7]. It is known that there is a sudden anisotropic lattice
collapse during H2→H3 phase transition, which will cause microcracks and electrolyte
penetration through them [6, 8, 9]. These defects increase internal resistance of batteries,
consume cyclable Li, and finally induce cell failure. The utilization of Ni-rich LIB
cathodes has to compromise by limiting degree of discharge or upper cutoff voltage,
which decreases energy density of batteries [2].
Plenty of work has been made to extend cycle life of Ni-rich LIB cathode, and
representative approaches include surface coating [10-13], bulk doping [2, 11, 14-16],
and tuning concentration gradient of cations [17, 18]. LiNi0.8Co0.15Al0.05O2 is another
promising Ni-rich LIB cathode, which partially substitutes Ni with Al dopants to improve
cyclic stability [14, 19, 20]. Zr doping was also found to suppress antisitial defects and
significant volume change in Ni-rich cathode [2, 11, 15]. In addition, latest research
unveiled new insights into the wide bandgap of Al2O3 and ZrO2 coatings for surface
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stability [21-23]. Recently, coating with post-annealing emerged as an effective method
to address instability of cathode materials during charge/discharge [11, 24-26]. Also,
manipulation of cation gradient will be much easier through diffusion of cations induced
by post-annealing of cathode particles coated with thin films [20]. As mentioned above,
Al and Zr has attracted much attention as both coating and doping materials, and many
efforts have been made on those investigation. However, there is still lack of
comprehensive study combining coating and doping of Al and Zr. It will be helpful to
compare properties of Al and Zr-modified NMC811 to understand their differences and
develop a rational design for stable performance of Ni-rich LIB cathodes.
In this work, we studied the synergetic effect of coating and doping by Al or Zr
on commercial NMC811 cathode particles, and compared their different functions.
Atomic layer deposition (ALD) was applied for the conformal Al2O3 or ZrO2 thin coating
with various thicknesses, and then a post-annealing was performed to achieve Al or Zr
doping with remaining surface coating. The samples were systematically characterized
and tested for electrochemical performance. The mechanism of performance
enhancement was studied and determined.

2. EXPERIMENTAL SECTION

2.1. ATOMIC LAYER DEPOSITION
NMC811 particles were purchased from NEI Corp. without any further treatment.
The particles were well stored in an Ar-filled glovebox. ALD was performed directly on
NMC811 particles using a fluidized-bed reactor [27]. Precursors included
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trimethylaluminum (TMA, Sigma Aldrich) and tetrakis(dimethylamino)zirconium
(TDMAZ, Sigma Aldrich) as metal precursors for Al2O3 and ZrO2 ALD, respectively,
and deionized water as oxidant for both ALD processes. ALD reaction temperatures were
set to 177 °C and 200 °C for Al2O3 and ZrO2 ALD, respectively. Various thicknesses of
metal oxides were coated, including 10, 15, and 25 for Al2O3 coatings, named as 10AlNMC811, 15Al-NMC811, and 25Al-NMC811, and 10, 20, and 30 for ZrO2 coatings,
named as 10Zr-NMC811, 20Zr-NMC811, and 30Zr-NMC811. In addition, 4 cycles of
Al2O3 or 5 cycles of ZrO2 ALD were performed on NMC811 without further annealing to
separately compare the effects of coating, and thus named as 4Al-NMC811 and 5ZrNMC811. After ALD coating, the coated NMC811 particles were post-annealed in an O2
flow with a flowrate of 60 sccm at 750 °C for 10 hr in a quartz tube, and the ramping rate
was 10 °C/min. The annealed sample will be named with “A”, such as A-15Al-NMC811,
and A-20Zr-NMC811.

2.2. CHARACTERIZATIONS
Transmission electron microscopy (TEM) was performed to study the evolution
of surface features of as-coated and post-annealed samples using a FEI Tecnai F20
equipped with a 200 kV field emission gun and energy dispersive spectroscopy (EDS).
X-ray diffraction (XRD) was carried out with a Philips X-Pert Multi-purpose
Diffractometer at a scan rate of 1.3 °/min with CuKα radiation and a wavelength of
1.5406 Å. X-ray photoelectron spectroscopy (XPS) was measured using Kratos Axis 165
through an introduction of AlKα radiation at 150 W and 15 kV. Scanning electron
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microscopy (SEM) was used to study the cathodes after electrochemical tests by using a
FEI Helios NanoLab 600 FESEM.

2.3. COIN CELL ASSEMBLY
The electrochemical performance was tested using CR2032 coin cells. For
cathode fabrication, NMC811 powders, Super-P carbon black (Alfa Aesar), and
polyvinylidenefluoride (PVDF, Alfa Aesar) were mixed in a weight ratio of 8:1:1 in a Nmethyl pyrrolidone (NMP) solution. The slurry was formed and casted on an Al foil with
a doctor blade. The wet paste was dried at 80 °C for about 7 min and then dried overnight
at 120 °C in a vacuum oven. The resulted cathode was punched into round discs with a
projected area of 0.71 cm2, and the active materials was ~3.5 g/cm2. Before coin cell
assembly, the cathode discs were calendered with a force of 1.5 metric tons using a
hydraulic pressing model. Coin cells was assembled in an Ar-filled glove box, with
cathode discs, polypropylene separator (Celgard 2320), and Li foil (Sigma Aldrich), and
two droplets of electrolyte (1M LiPF6 solution with EC/DMC 1:1 v/v, Sigma Aldrich) on
each side of the separator.

2.4. ELECTROCHEMICAL TESTS
The electrochemical tests were carried out using a Neware 8-channel battery test
station. A voltage range of 2.5-4.3 V was used for cell formation and galvanostatic
intermittent titration technique (GITT), and 2.5-4.5V was set for cyclic tests. The ex situ
XRD measurement was performed on charged cathode discs from dissembled coin cells,
which were galvanostatically charged to set cutoff voltage (4.1, 4.3, and 4.5 V) during the
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1st cycle at a 0.2C rate (1C=200 mA/g) and potentiostatically charged with a cutoff
current density of a 0.05C rate. The coin cells were dissembled right after the voltage was
reached in an Ar-filled glove box, and cathode discs were rinsed in DMC solvent to
remove electrolyte residual, dried in a vacuum oven, and sealed with Kapton film for
XRD measurement. For GITT, the applied C rate was 0.1C, and coin cells were
charged/discharged for 30 min with an interval time of 150 min (enough for equilibrium).
Electrochemical impedance spectroscopy (EIS) was performed to study the impedance
change for coin cells after charge/discharge cycling using a Biologic SP150 equipped
with a low current accessory. After coin cells rested for about 3 hr, the EIS analysis was
carried out in a frequency range of 1MHz-10mHz with an excitation signal of 5 mV. An
EC-Lab software was used to fit the EIS data.

3. RESULTS AND DISCUSSION

In Figure 1a and b, the TEM images of 25Al-NMC811 and 30Zr-NMC811 show
~3.0 nm of Al2O3 and ~4.5 nm of ZrO2 conformal coatings along the surface feature of
NMC811, respectively. After post-annealing, the coating thicknesses was observed to
decrease to ~1.0 and ~2.0 nm for A-25-NMC811 and A-30Zr-NMC811 in Figure 1c and
d, respectively, indicating diffusion of Al and Zr into the bulk of NMC811. The lattice dspacings measured in Figure 1a and b suggest retention of R-3m layered structure other
than inert rocksalt phase after high temperature post-annealing. In the areas circled, EDS
were performed. As shown in Figure 1e and f, the results indicate the existence of Al and
Zr.
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XRD was used to check whether there was any crystal change for the NMC811
particles after coating or post-annealing. As shown in Figure 2a, no obvious change can
be observed for the samples after coating or post-annealing. The samples were well
indexed to R-3m layered structure without any secondary phase.

Figure 1. TEM images of (a) 25Al-NMC811, (b) 30Zr-NMC811, (c) A-25AlNMC811 and (d) A-30Zr-NMC811 particles, and the EDS shown in (e) and (f)
corresponding to the point A and B in (c) and (d), respectively.
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In Ni-rich cathodes, cation mixing between Li and Ni may occur, and heavier Ni
cations occupy Li sites will cause weaker intensity of (003) peak [28, 29]. The ratios of
integrated intensity of (003)/(104) can be used to examine cation mixing degree, which
were 1.27 for A-15Al-NMC811, 1.23 for A-20Zr-NMC811, and ~1.19 for NMC811,
15Al-NMC811, and 20Zr-NMC811, indicating reduced cation mixing of annealed
samples [30]. The unit cell volumes were calculated as 101.61 Å3, 101.66 Å3, and 101.63
Å3 for NMC811, A-15Al-NMC811, and A-20Zr-NMC811, respectively. Since Zr4+ has a
larger ionic radius, the volume expansion of A-20Zr-NMC811 can be attributed to Zr
doping; in contrast, for A-15Al-NMC811, the ionic radius of Al3+ is smaller than those of
transition metal cations in NMC811, so the expansion is not due to Al doping, but due to
the improved crystallinity or lower Li/Ni cation mixing [29].
An ex situ XRD was performed to investigate the structure change at different
delithiated states in Figure 2b-d. The expansion of volume change after coating and
annealing, as shown in Figure 2b and c, was mainly contributed from the increase of
lattice parameter c but not lattice parameter a, and Li mobility in the lattice structure can
be facilitated by a larger value of c [31]. However, as the Li deintercalated from lattice of
NMC811, the volume changes exhibited different manners in Figure 2d. The phase
transition during delithiation of LiNiO2-type cathode will experience H1→M→H2→H3
(H means hexagonal structure, and M means monoclinic); and for NMC811 with high Ni
content, the H2→H3 phase transition is instable [32]. One obvious phenomenon during
H2→H3 transition is significant lattice collapse, which can be represented by the
significant decrease of lattice parameter c and unit cell volume at 4.3-4.5 V as shown in
Figure 2c and d. Since we did ex situ XRD, the structure of sample particles may
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experience long relaxation time and led to huge differences at 4.5 V. It is difficult to
make the results convergent to an in situ XRD, but the parallel measurements can still
indicate stabilization function of Zr doping to the lattice structure by suppressing this
sudden volume change. For Al doped NMC811, the smaller radius of Al3+ should be
attributed to a lower volume than that of NMC811 at 4.5 V. The lattice collapse is
detrimental to structure stability, as the microcracks and detachment may form between
grains, and thus cause electrolyte penetration [8, 9]. Therefore, Zr doping should be
preferable in terms of structural stability of NMC811 than Al doping due to a smaller
volume change.

Figure 2. (a) XRD patterns of NMC811, as-coated and post-annealed 15Al-NMC811, and
as-coated and post-annealed 20Zr-NMC811. Lattice parameters of (b) a, (c) c, and (d)
volume of unit cell derived from ex situ XRD patterns of NMC811, A-15Al-NMC811,
and A-20Zr-NMC811 after charged to 3.5, 4.1, 4.3, and 4.5 V.
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According to the TEM images in Figure 1, the post-annealed coated NMC811
remained thinner layers, and then the state of the remained layers was characterized by
XPS in Figure 3. For the A-25Al-NMC811 in Figure 3a, the peak at ~74.2 eV
corresponded to Al2O3 ALD coating, which shifted to a lower binding energy, ~73.4 eV,
suggesting a partial conversion from Al2O3 to LiAlO2 [33]. There was no obvious
evolution of ZrO2 coating except for oxidation from Zr2+ to Zr4+, as shown in Figure 3b,
indicating that the surface coating for A-30Zr-NMC811 should be Li2ZrO3 or ZrO2
coatings. It was reported that NMC811 tended to lose oxygen during high temperature
annealing, and formed inert rocksalt phase and Li2CO3 compound on the surface [3, 28,
34]. In Figure S1, the C 1s core level in the XPS spectra indicated the formation of
Li2CO3 (peaks at ~289 eV), but it was at low amount for each sample even after
annealing at 750 °C, especially for A-25Al-NMC811, which may be attributed to the
formation of Li-contained LiAlO2 or Li2ZrO3. The other impact of post-annealing should
be change of Ni valence on the surface of NMC811. The valence of Ni3+ is desirable for
Ni-rich layered cathode, since Ni3+ is electrochemically active compared with Ni2+, while
Ni2+ is commonly formed due to oxygen loss and accompanied with inert rocksalt phase
[21, 28, 34]. After post-annealing, we observed the amount of Ni2+ notably decreased.
The Ni peaks appeared after annealing, indicating the diffusion of Al or Zr into the lattice
of NMC811, corresponding to decrease of Al and Zr intensities and reduction of
thicknesses of those surface coatings. The thinner coating should be also converted to Licontained LiAlO2 or Li2ZrO3 coating, which should benefit Li+ hopping in the surface
coating layers. Besides, the loss of Ni intensities for 25Al-NMC811 and 30Zr-NMC811
may be related to Li2CO3 residual on the surface as shown in Figure S1b.
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The facile Li+ transport was first examined during the initial charge/discharge
cycle in Figure 4a. The specific capacity that each sample delivered was 199, 195, and
203 mAh/g for NMC811, A-15Al-NMC811, and A-20Zr-NMC811, respectively, and the
coulombic efficiencies were 80.7%, 85.4%, and 84.1%, respectively. The modified
samples exhibited a lower polarization, which can be interpreted from higher voltage
profiles during discharge in Figure 4a as noted.

Figure 3. XPS spectra of (a) as-coated and post-annealed 25Al-NMC811 at Al 2p core
level, (b) as-coated and post-annealed 30Zr-NMC811 at Zr 3d core level, and (c) these
four samples with NMC811 at Ni 2p core level.

In Figure 4b, the corresponding differential capacities were derived from profiles
in Figure 4a, where H1→M→H2→H3 phase transition can be represented by the two
pairs of peaks and diminished peak area. It was reported that H1→M→H2 remained
stable during lithiation/de-lithiation of Ni-rich LIB cathode; during H2→H3 transition,
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lattice of NMC811 shrunk, active Ni4+ formed, and the structure became unstable [2, 32,
35, 36]. The detrimental evolution of structure will induce lift-up of internal resistance.
Li+ diffusion coefficient was estimated through GITT in Figure 4c and d. The results
show similar diffusion coefficients at H1→M→H2 transition, but an obvious deviation
occurred at H2→H3 transition, where coefficients of A-20Zr-NMC811 and A-15AlNMC811 distinctively changed. As described in Figure 2, the change should be expected
due to a significant shrinkage of lattice of A-15Al-NMC811 at highly delithiated state,
and A-20Zr-NMC811 had the least change thus a better Li+ transport. It may be noted
that the controversial results between voltage profiles and GITT, which should be due to
differences of test conditions. Therefore, a cyclic test was then performed to depict the
impact of modification by Al and Zr.

Figure 4. (a) Voltage profiles and (b) differential capacities of NMC811, A-15AlNMC811, and A-20Zr-NMC811 during the 1st cycle of charge/discharge; Li+ diffusion
coefficients derived from GITT during (c) the 1st charge and (d) the 1st discharge.
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In Figure 5, the cyclic performance and voltage hysteresis involved optimization
among different coating thicknesses for Al2O3 and ZrO2 coatings. To investigate
charge/discharge at higher upper cutoff voltage for NMC811, we expanded the voltage
range to 2.5-4.5 V, which can provide ~10% higher capacity than that at 2.5-4.3 V, but
the degradation would be more severe. The samples coated with 15 cycles of Al2O3 ALD
and 20 cycles of ZrO2 ALD, followed by heat treatment, delivered higher specific
capacities, i.e., 195 and 203 mAh/g for A-15Al-NMC811 and A-20Zr-NMC811,
respectively, which were slightly lower than 206 mAh/g of NMC811; the capacity
retentions of A-15Al-NMC811 and A-20Zr-NMC811 were 79.2% and 75.3% after 200
cycles of charge/discharge, respectively, higher than 51.1% of NMC811. The voltage
hysteresis was calculated from differences of power-weighted average voltage (energy
divided by capacity) between charge and discharge for each cycle. These results can be
used to illustrate evolution of polarization during repeating charge/discharge of coin cells.
The increase rate of NMC811, and A-15Al-NMC811, and A-20Zr-NMC811 were 2.35,
0.94, and 1.44 mV/cycle, respectively, suggesting a lower rate of internal resistance
increase of NMC811 modified by Al2O3 ALD coating followed by annealing. However,
during the early stage of cycling, the internal resistance of A-20Zr-NMC811 should be
lower, therefore, we can observe its better retention of capacity than that of A-15AlNMC811, as shown in Figure 5e and f, which were 96 and 79 mAh/g at a 5C rate for A20Zr-NMC811 and A-15Al-NMC811, respectively.
For the sample with a thicker coating of 25 cycles of Al2O3 ALD followed by
annealing (i.e., A-25Al-NMC811), it may be more complicated than the situation with
only coatings. Han et al. investigated diffusion of Al from Al2O3 coating to Ni-rich LIB
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cathode, and they found excess amount of Al would jeopardize the performance of
NMC811, as Al could easily diffuse into the bulk of NMC811 and exchanged with Li+ to
form Li+-contained species on the surface of NMC811 [20, 37]. The insufficient Al
loading of A-25Al-NMC811 cannot help forming LiAlO2, and thus lead to a worse cyclic
stability. Proper amount of Al can act as a placeholder at Li site to suppress cation mixing
at delithiated state of NMC811; in the meanwhile, it will form Li-conductive LiAlO2
coating on the surface. As for A-Zr-NMC811, the inter-substitution occurred between Ni
and Zr, which can improve cation ordering in the transition metal slabs, as reported by
Schipper et al. and Yoon et al. [7, 11], therefore, it won’t be a concern that dopants
obstacle Li diffusion. However, the cyclic results exhibit a lower capacity retention of A20Zr-NMC811 than that of A-15Al-NMC811, and the voltage hysteresis also shows a
faster increase for A-20Zr-NMC811. In Figure S2, 4Al-NMC811 and 5Zr-NMC811 only
with coatings were tested, and the loss of initial specific capacity was marginal for 4-AlNMC811, but the capacity retention was better than 5Zr-NMC811. One reason could be
explained by the improvement of surface stability by chemistry between electrolyte and
Al2O3 coated cathode; the other reason may be related to the formation of Li compound
(mainly Li2CO3) during ZrO2 ALD, as shown in Figure S1, due to vacuum, moisture, and
relatively high temperature in the ALD process [10, 21].
For the initial 100 cycles of charge/discharge in Figure 5a and c, the capacities
were differentiated in Figure 6. Capacity fading is commonly related to the formation of
rocksalt phase, cation mixing, and increase of internal resistance for NMC811 cathode. In
Figure 6, the arrow pointed out differential capacity from the 1st to the 100th cycle, and
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each two arrows in the Figures corresponded to degradation during H1→M and H2→H3
phase transition.

Figure 5. (a) Cyclic tests and (b) voltage hysteresis of pristine NMC811 and A10/15/25Al-NMC811 at a 0.5C rate; (c) cyclic tests and (d) voltage hysteresis of pristine
NMC811 and A-10/20/30Zr-NMC811 at a 0.5C rate; electrochemical tests of pristine
NMC811, (e) A-10/15/25Al-NMC811, and (f) A-10/20/30Zr-NMC811 at different C
rates (0.1C, 0.2C, 0.5C, 1C, 2C, and 5C). The voltage range was 2.5-4.5 V for these tests.

Significant decrease of intensity and shift for NMC811 is due to Li/Ni cation
mixing and formation of rocksalt phase. This should account for capacity degradation of
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NMC811 in Figure 5. In Figure 6d, ratios of integrated intensities of (003)/(104) peaks
were 1.08, 1.10, 1.14 for NMC811, A-15Al- and A-20Zr-NMC811, respectively, which
proved Li/Ni cation mixing for NMC811 is more severe due to the lower ratio, and Zrdoping is helpful to keep cation ordering in the Li and transition metal slabs. In addition,
it was noted that Al doping aggravated phase transition of H2→H3 for the high intensity
at ~4.2 V, which is possibly due to the surface aggregation of Co with Al and partial
formation of LiNixCoyAl1-x-yO2 phase [20]. The negative effects of structure change
during cycling were then reflected on charge transfer resistance that were measured using
EIS.

Figure 6. Differential capacities of (a) NMC811, (b) A-15Al-NMC811, and (c) A-20ZrNMC811 corresponding to cyclic tests in Figure 5 for initial 100 cycles of
charge/discharge. Arrows indicate charge/discharge process from 1st to 100th cycle. (d)
XRD patterns of cycled cathodes after 200 cycles of charge/discharge.
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EIS was performed before and after the cyclic tests of coin cells. As shown in
Figure S3, the Nyquist plots show ohmic resistance at intercept with x-axis, film
resistance for the first semicircle on the left, and charge-transfer resistance for second
semicircle on the right. The model in Figure S3d was used to fit each curve and to acquire
parameters of Rf (film resistance) and Rct (charge-transfer resistance) in Table 1. For
NMC811, both Rf and Rct exhibited a severe increase. The increase of Rf was due to
thickening of solid permeable interface (SPI) layer on the surface of cathode, and the
increase of Rct should be related to its instable structure. The variations between A-15AlNMC811 and A-20Zr-NMC811 were correlated to analysis above: the lower Rf of A15Al-NMC811 indicated the Al benefit for the surface chemistry, and the lower Rct of A20Zr-NMC811 suggested Zr doping is superior for suppression of structure degradation.

Table 1. Main fitting results derived from EIS measurements in Figure S3.
Samples
NMC811
A-15AlNMC811
A-20ZrNMC811

Cycle Number

Rf/Ω

Rct/Ω

0

101

224

200

222

510

0

110

168

200

152

231

0

141

113

200

195

198

In Figure 7, SEM was used to study the cycled cathodes after 200 cycles of
charge/discharge. The cracks were observed for the cycled spherical NMC811 particles
and marked by red circles and arrows in Figure 7a and b. The structure instability caused
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by H2→H3 transition will lead to pulse of lattice shrinkage/expansion during repeating
cycling, and finally be reflected on the cracks of cycled NMC811 particles. The cracks
will increase internal resistance of grain boundaries, and lead to infuse of electrolyte into
the particles. As for A-15Al-NMC811 and A-20Zr-NMC811, most particles remained as
their spherical shapes, and limit numbers of cracks were observed in Figure 7c-f. In the
magnified SEM images, the grains of A-15Al-NMC811 particles can still be observed
due to suppressed growth of SPI layer in Figure 7d, and the rough surface of A-A20ZrNMC811 particles in Figure 7f should be attributed to thicker SPI layer than that of A15Al-NMC811, but the polymer-like surface and detachment of grains in Figure 7b
indicated severe degradation of surface and structure of unmodified NMC811. In Figure
S4, the XPS spectra were measured and deconvoluted after cycling of these cathodes.
The F 1s of NMC811 shows stronger peaks of Li-F and LiPOxFy than those of A-15AlNMC811 and A-20Zr-NMC811 due to more severe decomposition of electrolyte species
and parasitic reactions between NMC811 surface and electrolyte. As for O 1s core level,
the A-15Al-NMC811 exhibited stronger peak M-O and weaker peak of ROCO2Li
indicating the suppressed growth of SPI layer due to Al surface modification. Therefore,
the XPS results were consistent with our other analysis.
In light of the analysis above, a synergetic improvement combining Al-surface
modification and Zr-bulk modification was performed by coating the A-20Zr-NMC811
particles with additional four cycles of Al2O3 ALD. In Figure 8, the cyclic tests of Al-A20Zr-NMC811 were performed at different C rates and 0.5C rate and compared with the
pristine NMC811, A-15Al-NMC811, and A-20Zr-NMC811 to show the improvement of
the synergy.
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Figure 7. SEM images of cycled cathodes of (a, b) NMC811, (c, d) A-15Al-NMC811,
and (e, f) A-20Zr-NMC811. The cycled cathodes were acquired after 200 cycles of
charge-discharge at a 0.5C rate.

Figure 8a shows Al-A-20Zr-NMC811 remained a good rate capability as A-20ZrNMC811, indicating the 4 cycles of Al2O3 ALD coating didn’t impact internal resistance
of the coin cell. After Al2O3 ALD, in Figure 8b, the initial specific capacity Al-A-20ZrNMC811 at 0.5C rate was 208 mAh/g of capacity retention improved from 51.1% of
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NMC811 to 75.3% of A-20Zr-NMC811, and finally to 85.9% of Al-A-20Zr-NMC811
after 200 cycles of charge/discharge, which should be attributed to synergy of surface
protection by Al2O3 coating and improved structural stabilization by Zr-doping.

Figure 8. Cyclic tests of 4 cycles of Al2O3-coated A-20Zr-NMC811 (Al-A-20ZrNMC811) at (a) different C rates (0.1, 0.2, 0.5, 1, 2, and 5C, 3 cycles for each C rate) and
(b) a 0.5C rate for 100 cycles of charge/discharge. The voltage range was 2.5-4.5 V.

4. CONCLUSIONS

NMC811 particles were modified by element doping and surface coating. Al2O3
and ZrO2 films were coated on NMC811 particles by ALD, followed by annealing.
According to our study, the advantage of Al-based surface coating is to improve surface
chemistry of NMC811 and thus better cyclic stability, but the Al doping aggravated
lattice collapse during H2→H3 phase transition, which is not desirable. Improvement of
ZrO2 coating to stability of NMC811 was limited, but the Zr-doping expanded and
supported lattice structure of NMC811 and thus improved Li+ transport properties and
structural stability. In light of this comparison, we combined Al-surface modification and
Zr-doping to optimize the improvement on NMC811 due to inheritance of their merits.
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Figure S1. XPS spectra of pristine LiNi0.8Mn0.1Co0.1O2 (NMC811), 25 cycles of Al2O3
atomic layer deposition (ALD) coated NMC811 (25Al-NMC811), annealed 25AlNMC811 (A-25Al-NMC811), 30 cycles of ZrO2 ALD coated NMC811 (30Zr-NMC811),
and annealed 30Zr-NMC811 (A-30Zr-NMC811) at C 1s core level
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Figure S2. Electrochemical tests of pristine NMC811, 4 cycles of Al2O3 ALD coated
NMC811 (4Al-NMC811), and 5 cycles of ZrO2 ALD coated NMC811 (5Zr-NMC811) at
a 0.5C rate in a voltage range of 2.5-4.5 V, and corresponding voltage hysteresis.
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Figure S3. EIS measurements of (a) NMC811, (b) A-15Al-NMC811, and (c) A-20ZrNMC811 at 0th and 200th cycle, and (d) fitting model used for the Nyquist plots.

Figure S4. XPS spectra of cycled (a,b) NMC811, (c,d) A-15Al-NMC811, and (e,f) A20Zr-NMC811 cathodes at (a,c,e) F 1s and (b,d,f) O 1s core levels
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2. CONCLUSIONS AND FUTURE DIRECTIONS

2.1. CONCLUSIONS
Surface modification of Li-ion battery cathode provides protective and conductive
media that assist the battery to achieve a longer cycle life and a higher energy and power
density. Particularly, for Mn-based or Mn-included cathodes, the stabilization of surface
structure and suppression of parasitic reactions between cathode and electrolyte both play
crucial roles in determining electrochemical performance of batteries. As a promising
coating material, CeO2 enabled significant improvement of cyclic stability of a Li-rich
layered cathode material, due to high ionic conductivity of CeO2 films. However, the
structure transition of Li-rich layered cathode material in the bulk still occurred and led to
degradation of specific capacity.
Enlightened by the importance and limitation of surface modification only
approach, Fe-surface doping method was performed on the same Li-rich layered cathode
particles. After FeOx ALD, followed by post-annealing, an Fe-doped spinel phase formed
on the surface of Li-ion battery with a thickness of ~7 nm, which simultaneously
stabilized the surface and structure evolution of Li-ion battery cathode during battery
cycling.
A TiN ALD was used to grow an electronically conductive TiN thin film on the
surface of LFP. Employing the reactions between TiCl4 precursor and LFP surface, a Li-
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ionically conductive lithium titanium phosphate was formed with TiN coating. Thanks to
this modification, cycle life and specific capacity were significantly improved.
In the mid of my PhD program, these three projects broadened my horizon about
advanced surface modification using surface-doping beyond coating. The pre-occupation
of Li cations offered advantages to surface-doped phase over simple ceramic coatings.
Therefore, with this knowledge, I continued my pursuit for a better surface modification
with surface doping and started my investigation for the insight of mechanisms.
The high-voltage spinel cathode, LMNO, exhibited competitive energy and power
density, whereas the oxidation of electrolyte species due to its working voltage limited its
practical application. To address this problem, we proposed that surface modification
could form a robust SPI layer that could block electron transfer between electrolyte and
cathode but facilitate Li ion transport. We prepared Fe-surface doped LMNO, and in the
meanwhile, the bulk conductivity was improved electronically and ionically due to this
modification. Furthermore, by controlling post-annealing temperature, a porous structure
was formed in the bulk of LMNO, which can assist electron and Li ion transport in
LMNO, compared with the dense structure.
In addition to single-elemental modification, we designed a bi-elemental
modification on a Ni-rich layered cathode using ZrO2 doping, followed by Al2O3 coating.
This design derived from individual tests of Al-modified and Zr-modified cathode in
order to compare their effects on performance enhancement of surface and bulk of the
cathode. This rational design opens up new opportunity of engineering of high energy
and power Li-ion battery cathode with a longer life span.
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2.2. FUTURE DIRECTIONS
In spite of performance enhancement of Li-ion battery cathodes that we achieved
so far, there are still a lot of works needed to unveil the function of surface-doping and
coating and better understand the mechanism behind that.
Firstly, an isotropic diffusion of dopant cations from surface coating to the bulk
structure of cathode particles during post-annealing of ALD-coated particles should be
desirable, which asks for a conformal coating on the surface of particles. Therefore, ALD
is preferable for this technique, but the accessibility of ALD is worse than some
conventional methods, such as co-precipitation and sol-gel methods. To push forward the
surface-doping method, it will be a choice of wisdom using ALD as an assistance to
understand the mechanism and develop approaches with easiness and convenience.
Secondly, simultaneous coating and doping during ALD is an attractive topic and
a promising technique for performance enhancement of Li-ion battery cathode materials.
However, currently, we only observed this phenomenon during FeOx ALD on some Liion battery cathode particles. The key challenges are to find compatible structures
between coating materials and cathode particles and to explore proper deposition
precursors and conditions, such as high deposition temperature of Ga2O3 ALD, or usage
of TiCl4 precursor to react with cathode materials.
Last but not least, beyond Li-ion battery cathode, doping in other energy materials
has been always a useful method to address certain problems. The application of ALD for
doping enabled conformality of doping and precise control of amount of dopants, and it
can be an effective way to form cation concentration gradients in particles, which will
benefit nano-design and engineering.
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